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Abstract 
Stomatopods (commonly known as mantis shrimps) have one of the most complex visual systems 
in the animal kingdom with up to 20 different photoreceptor types and the ability to see both linear 
and circular polarized light. The eye of a stomatopod is divided into three different parts; a dorsal 
and a ventral hemisphere divided up by 6 distinct rows of specialised ommatidia (visual units) 
termed the midband. The midband contains a complex array of up to 12 spectral receptors with 
maximum sensitivities ranging from the ultraviolet (UV) to the far-red (300-700 nm), in addition to 
achromatic receptors of which several are sensitive to different forms of polarized light. The 
abundance of spectral receptors has puzzled researchers, as it seemed excessive even for an animal 
living in a spectrally rich environment such as the coral reef. Furthermore, theoretical analyses 
suggest that there is really no need to have more than 4-7 receptors to have satisfactory colour 
vision in the 300-400 nm spectral range. Our increasing knowledge of polarization sensitivity is 
rapidly expanding the theme of photoreceptor proliferation with up to six channels of polarization 
information from a combination of midband and hemisphere receptors. 
 
The aim of this thesis was to investigate how stomatopods process and analyse chromatic and 
polarization information using a complementary approach of behavioural, electrophysiological and 
neuroanatomical techniques. A comparison of spectral sensitivities across species in the superfamily 
Gonodactyloidea was carried out in Chapter 2. This study showed that their spectral sensitivities 
remain very similar between species, with narrow, steeply shaped sensitivity curves spread evenly 
throughout the spectrum, suggesting there is a benefit of having uniform sampling of all 
wavelengths. Behavioural experiments were performed to test stomatopod spectral discrimination in 
Chapter 3, and this was found to be surprisingly poor, both compared to other animals and to 
theoretical modelling. To investigate if the poor discrimination was due to the spectral shape of the 
stimuli, more natural-shaped stimuli (with step-shaped spectra instead of the conventional peak-
shaped spectra) were tested in similar experiments (Chapter 4). However, these experiments yielded 
similar results to the ones obtained in Chapter 3. The electrophysiological and behavioural results 
suggest that the stomatopod visual system may use a simpler, serial processing system unlike the 
"conventional" opponency system known from other animals and may be the reason for why the 
spectral and polarization space must be covered by several channels. 
 
While such as system may appear exceptional, there are similarities between this system and they 
way primates process colour, only at different steps in the processing pathway (Chapter 5). Using 
an interval-decoding scheme coupled with the narrow, binned spectral sensitivities of stomatopods 
could allow quick and precise colour judgements but at the cost of very fine discrimination.  
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As very little was known about the neural architecture of the stomatopods visual system, and to 
investigate possible answers to questions posed in Chapter 2-5, a range of methods was employed 
to examine the various neuronal structures. These included: immunohistochemistry experiments and 
3D-reconstructions to visualise the gross morphology of the optic lobes, Bodian staining and 
fluorescent tracer injections to investigate the neuronal pathways, and Golgi impregnations to 
identify single neuronal types (Chapter 6). First, observations from previous studies were 
confirmed, in that the midband information pathway remains visible throughout the three first optic 
lobes as a distinct swelling (Kleinlogel et al., 2003). Chapter 6.2 describes the cell types found in 
the first optic neuropil, the lamina, where despite size and shape differences between some cells, no 
clear specializations were observed in the midband region compared to the hemispheral regions of 
the lamina.  
 
The stomatopod medulla was described in Chapter 6.3 and was shown to be clearly stratified having 
at least 12 main layers, with the midband pathway distinctly visible as a swelling on the distal side 
of the medulla. The chromatic information appears to be integrated with the achromatic information 
in the lobula (the third optic lobe, Chapter 6.4) with lateral collaterals forming in the midband 
pathway and projecting into the hemispheral regions of the lobula. Further projections from the 
lobula terminate in optic glomeruli in the lateral protocerebrum, which may be involved in refining 
and sharpening the signals from the lobula columnar neurons. Finally, the stomatopod central 
complex in the cephalic brain was described in Chapter 6.5, revealing that stomatopods have a 
central complex more similar to that of an insect than to other crustaceans, possibly shedding new 
light of to the evolutionary relationship between crustaceans and insects.  
 
Overall, this study has given new insights into how stomatopods process chromatic and polarization 
information. It has revealed a system that at the photoreceptor level appears very complex, but that 
not necessarily requires high levels of complex processing. These findings may provide inspiration 
to the development of new optic and camera technologies, and propose a sparse signal-processing 
scheme, which could provide useful in artificial imaging technologies that require fast and low-
power processing speeds.  
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DML  distal monopolar cell layer 
DVT  dorsoventral tangential layer 
EB  ellipsoid body 
Epl1 or 2  lamina plexiform layer 1 or 2 
FB  fanshaped body 
FT  fibre tracts 
FWHM full-width at half-maximum 
GC  glomerular complex 
HB  hemiellipsoid body 
IT  inferior temporal cortex 
La  lamina 
LAN  lateral antennular lobes 
LCN  lobula columnar neurons 
LC  lateral cluster 
LGN  lateral geniculate nucleus 
LPC  lateral protocerebrum 
LMT  lateromedial tangential  
  processes 
Lo  lobula 
 
 
 
Lvfs  long visual fibres  
MAN  median antennular neuropil 
MB  midband 
MBL  midband lobe 
Me  medulla 
M-MDN monostratified motion  
  detection neuron 
M1-M6 monopolar cell 1 to 6 
nm  nanometer 
No  noduli 
Och1 or 2 optic chiasmata 1 and 2 
OGT  olfactory globular tract 
OGTN olfactory globular tract  
  neuropil 
OL  olfactory lobe 
PB  protocerebral bridge 
PLT  proximal tangential layer 
PMPN  posterior median protocerebral 
  neuropil 
PML  proximal monopolar cell layer 
RCA  retinula cell axon 
Re  retina 
R1-8  retinula cell 1 - 8 
Row 1-6 midband row 1 to 6 
Svfs  short visual fibres 
Tan 1-3 tangential cell 1 to 3 
Tm  transmedullary 
UV  ultraviolet 
VH  ventral hemisphere 
WL  wavelength 
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1 Chapter 1. General introduction  
 
1.1.1 Ecology 
Stomatopods, commonly known as mantis shrimps, are benthic crustaceans found in tropical and 
temperate waters worldwide (Manning, 1977). They normally live in burrows made of sand or coral 
rubble and inhabit depths between 0 to 1500 m (Schram et al., 2013). Stomatopods separated from 
other crustacean lineages over 400 million years ago (Schram, 1969) and are divided into around 
450 species within the following superfamilies; Squilloidea, Parasquilloidea, Eurysquilloidea, 
Bathysquilloidea, Lysiosquilloidea, Erythrosquilloidea and Gonodactyloidea, Hemisquilloidea and 
Pseudosquilloidea (Ahyong, 2001, Ahyong and Jarman, 2009, Porter et al., 2010). Despite previous 
investigations into the stomatopod visual system (Schönenberger, 1977, Manning et al., 1984, 
Schiff et al., 1986) it was not until 1988 that researchers discovered exactly how intricate their eyes 
are (Marshall, 1988, Cronin and Marshall, 1989a, Cronin and Marshall, 1989b, Marshall et al., 2007 
provides a recent review)  
 
Stomatopods have the most complex visual system found in any animal at least at photoreceptor 
level, possessing a total of 16 anatomically distinct photoreceptor types of which 12 are used for 
detecting colour, with spectral sensitivities ranging from the ultraviolet to the far-red (Fig. 1.1). In 
addition to this multitude of spectral receptors they also have the ability to detect the polarization of 
light in both linear and circular forms (Fig.1.1) (Kleinlogel and Marshall, 2006, Marshall et al., 
2007, Chiou et al., 2008). When the functional categories are added, the final count for 
photoreceptor diversity expands to 20. Compared to the human visual system, with its three spectral 
receptors (De Valois and Jacobs, 1968, Dartnall et al., 1983) and no ability to detect different forms 
of polarised light, the stomatopod visual system appears quite baffling. In fact the only animals that 
come close to this kind of photoreceptor diversity are the butterflies. The genus Papilio xuthus for 
example can have up to 9 photoreceptor types (Arikawa, 2003, Koshitaka et al., 2008). It is, 
however, only shallow-water species in the stomatopod superfamilies Gonodactyloidea, 
Lysiosquilloidea, Hemisquilloidea and Pseudosquilloidea that have this photoreceptor diversity, 
with deeper-living species thought to have had an evolved loss of complexity (Manning et al., 1984, 
Ahyong and Harling, 2000, Porter et al., 2010), likely due to the restricted light environment. All 
further referrals to stomatopods will therefore only be from the four superfamilies mentioned above. 
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1.1.2 Behaviour and communication 
Stomatopods are known to be fierce and territorial predators (Dingle and Caldwell, 1969) There are 
two main types; the smashers which hunt or fight using hammer-like raptorial appendages, ideal for 
crushing the hard exoskeleton of crabs, snails and mussels (Patek et al., 2004, Patek and Caldwell, 
2005); and the spearers, which typically ambush  soft-bodied prey such as fish from camouflaged 
sandy burrows (Caldwell and Dingle, 1976) (Fig. 1.2). They live in a colourful world typically 
surrounded by coral and fish with bright colourful displays. As an aggressive predator it is 
important to have the ability to quickly and reliably identify other animals and objects as potential 
prey or threat (Fig. 1.2). Stomatopods are known for using colour (Cheroske et al., 1999, Chiao et 
al., 2000), polarization (Marshall et al., 1999) and fluorescence (Mazel et al., 2003) to to produce 
and enhance displays on various body parts. It is likely that the main use of these displays is for 
intraspecific communication and species regognition (Hazlett, 1979). Particularly well known is the 
“meral spot”, an eyespot on the surface of the meral segments of the second maxilliped (Fig. 1.2). 
Figure 1.1. Stomatopod eye structure. a) Frontal view of the eye of Haptosquilla trispinosa showing the midband (MB), dorsal (DH) and ventral 
hemisphere (VH), colour vision (CV) row 1-4 and circular polarisation vision (CPV)  rows 5 and 6.  Note the three pseudopupils. b) Coronal section 
of the retina of a stomatpod eye, showing the six midband rows and the dorsal and ventral hemisphere. Right side shows the distal and the proximal 
photoreceptors (from Marshall et al. 2007). c) Top. Spectral sensitivities of H. trispinosa. Bottom: Illustration of unpolarised, linear and circular 
polarised light (source:Wikimedia commons). d)  Left: Illustration of a sagittal section of the stomatopod eye showing the anatomical visual axis. 
Right: Frontal diagram of eye showing midband and three pseudopupils (adapted from Marshall and Land 1993). Arrows indicate eye movements. 
Bottom: Images showing the scanning eye movments in stomatopods (Photo: Mike Bok). 
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The meral spot display gives a very conspicuous signal and is often revealed during interactions 
with other stomatopods. The purpose of the display may be to inform about sexual receptivity or 
health, or about strength during conflicts over territory or mates (Caldwell and Dingle, 1976, 
Cheroske and Cronin, 2005, Chiou et al., 2011). The display may also be used as a bluff signal to 
avoid conflict during moulting (Steger and Caldwell, 1983, Adams and Caldwell, 1990). 
Stomatopods also have the ability to reflect highly polarised light from various body parts (Fig. 1.2) 
(Chiou et al., 2005, Cronin et al., 2009, Chiou et al., 2011). Chiou et al. (2005) found that these 
polarized parts can be divided into two major types; a red/pink type located within the animal’s 
cuticle and an iridescent blue type which is located in the soft tissue underneath the exoskeleton, 
and is therefore unaffected by the moulting cycle. In addition to reflecting linearly polarised light, a 
few stomatopod species can also produce circularly polarized signals (Fig. 1.2c) (Cronin et al., 
2009), a property which is only known to exist in few other animal groups, including the scarab 
beetles (Neville and Caveney, 1969, Jewell et al., 2007) and lobsters (Neville and Luke, 1971). 
 
1.1.3 Eye structure 
Stomatopod eyes are mounted on stalks, and the eyes move independently of each other, giving 
them a curious, attentive appearance. This is one of the reasons why they are often thought to be 
Figure 1.2. Diversity of signals a) Odontodactylus cultifer with polarised signals 
along the side of the body and telson. b) Linear polarisation patterns on the antennal 
scale of Odonotodactylus scyllarus (Cronin et al 2009). c) Circular polarisation 
patterns on the telson keel of O. cultifer. (Cronin et al. 2009) d) Meral display by 
Gonodactylus smithii. e) Fight between two O. scyllarus. f) Two O. scyllarus 
mating. g) Raptorial appendages in stomatopods. Left: Smashing appendage, right: 
spearing appendage. Photo credit for a) d) e) f) and g): Roy Caldwell. 
a)
d) e)
f)
c)
g)
b)
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more aware of their surroundings than other crustaceans (Land et al., 1990) (Fig. 1.1). They use 
their eyes in discrete, spontaneous movements, essentially scanning the environment around them 
(Horridge, 1978, Land et al., 1990, Marshall et al., 2014). The eye is an apposition compound eye 
made up of a dorsal and a ventral hemisphere, divided by a distinct region of specialised ommatidia 
(optical units) termed the midband (Fig. 1.1 a).  At certain angles, three dark pseudopupils are 
visible. These pseudopupils occur when the local ommatidia are orthogonal to the viewer. The 
occurrence of three simultaneous pseudopupils a certain viewing angles implies that the animal can 
make use of trinocular vision within each eye, allowing it to sample colour and circular polarization 
(see below) information with the midband while simultaneously receiving depth, linear polarization 
and light intensity information from the hemispheres (Fig. 1.1) (Marshall et al., 1991a, Marshall et 
al., 2007).  
 
The midband consists of 6 separate rows of ommatidia each with different functionalities (Fig. 1.3 a 
and b); Row 1-4 being involved in colour processing while Row 5 and 6 are involved in detecting 
polarized light (Marshall et al., 1991a, Marshall et al., 1991b). Each ommatidia is composed of a 
cornea and a crystalline cone that focuses light into the rhabdom (photoreceptor) (Land and Nilsson, 
2002). The rhabdom is fused with interdigitating bands of orthogonal microvilli and is built up of 
one small retinula cell termed R8 and seven retinular cells termed R1-7. The UV-sensitive R8 cells 
are located distally in the retina on top of the R 1-7 cells (Fig. 1.3 a).  In Row 1-4 the R1-7 cells are 
divided into two tiers; Row 1,3 and 4 having three cells (1,4,5) over four cells (2,3,6 and 7). Row 2 
has a reversed arrangement with four cells over three cells (Marshall et al., 1989, Marshall et al., 
1991a). The purpose of this reversal of cell number in Row 2 is not well understood but it may be 
linked to the additional polarization sensitivity of this row (Kleinlogel and Marshall, 2006, Marshall 
et al., 2007).  
 
Three types of ommatidia can be classified from the midband (Fig. 1.1a); Type I is found in Row 5 
and 6 (as well as in the hemispheres) and is the simplest type with one main rhabdom. This type is 
specialised for polarization vision. The rhabdom in Type II ommatidia is divided into three tiers; 
R8, distal and proximal, each containing different visual pigments. This type is found in Row 1 and 
Row 4. Type III ommatidia which is found in Row 2 and 3 and is similar to Type II, except that 
they may have coloured filters placed between the tiers (Cronin and Marshall, 2001). These filters 
function by shifting and narrowing the spectral sensitivity of the underlying photoreceptor (Cronin 
et al., 2014). The hemispheres function more like a “normal” crustacean eye containing only two 
populations of cells; R8 cells most often involved in UV vision and the underlying R1-7 cells with a 
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broadband, achromatic spectral sensitivity and likely polarization sensitivity equivalent to other 
crustaceans (Marshall and Cronin, 2014) 
 
Previous work on the neural architecture underlying this complex retina has focused on the retina to 
lamina photoreceptor projections (Strausfeld and Nässel, 1981, Kleinlogel et al., 2003, Kleinlogel 
and Marshall, 2005). These studies determined that the axons from each ommatidia project to the 
lamina in a retinotopic fashion, with no connections between axons of different ommatidia. 
Furthermore, the axons from the R1-7 cells terminate in two different strata in the lamina (Fig 1.3 
d), while the axon from the small R8 cell project through the lamina and terminate in the distal 
medulla (Fig 1.3 e).  
 
1.1.4 Spectral and polarization processing in stomatopods 
How colour is processed in the brain of animals has been a much debated issue since the three-
colour theory of Young-Helmholtz (Young, 1802, Helmholtz, 1859, Hurvich and Jameson, 1949) 
and the opponency theory of Hering (Hurvich and Jameson, 1957). Young-Helmholtz suggested 
that colour was interpreted by the receptor input of three different colour sensitive photoreceptors 
while Hering argued that colour was perceived through antagonistic pairs of receptors recording the 
ep
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e) Figure 1.3. Photoreceptor structure and axon projections: a) Saggital section 
through the midband showing the 6 midband rows (MB) with row 1-4 divided  
into two tiers. UV-sensitive R8s are displayed on top. Dorsal (DH) and ventral 
(VH) hemisphere photoreceptors are shown on either side of the midband 
(MB). Crystalline cones (CC), cornea (CN). b) Top: TEM sections through 
R1-7 cells in the distal (left) and proximal (right) tier. Bottom: Longitudinal 
section through the rhabdom of the dorsal hemisphere showing the orthogonal 
interdigitating microvilli leading to the linear polarisation sensitivity. Scalebar: 
1.5µm (from Marshall et al. 2007). c) Immunolabelled saggital section through 
the eye showing the midband and the optic neuropils. Lamina (La), medulla 
(Me), lobula (Lo), lateral protocerebrum (LPC) d) Photoreceptor terminals  of 
cells R1-7 in two different layers (epl1 and epl2) in the lamina (La). e) Termi-
nals of the R8 cells projecting through the lamina and terminating in the 
medulla (Me) Note the different levels of arborisation in the lamina in the 
different rows. (Adapted from Kleinlogel et al. 2005).  
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differences in activity from three opponent channels; red vs. green, blue vs. yellow and black vs. 
white (the latter type is achromatic and detects luminance). Although there are many unsolved 
puzzles regarding how human colour vision is actually processed through the areas of such as the 
lateral geniculate nucleus (LGN) and the visual cortex (Conway, 2014) we do know now that we 
likely use a combination of mechanisms from the two ideas. We have three colour receptors (short 
(S), medium (M) and long (L)) in the retina and opponent cells in the LGN, which send chromatic 
information to the V1 and the inferior temporal cortex areas of the brain for further processing. We 
also know that our three receptors are sufficient to encode many colours between 400-700 nm very 
well and that we are able to discriminate between colours from 1-5 nm apart, at least in some areas 
of the spectrum (De Valois and Jacobs, 1968, Pokorny and Smith, 1970).  
  
One of the main questions researchers therefore asked when the stomatopods abundance of spectral 
receptors was revealed was; how do they process all this chromatic information? It is hard to 
imagine how the world would look if we used 12 classes of spectral receptors instead of only 3. The 
stomatopods sensitivity curves have a very steep and narrow function (shape). If they were to use an 
opponent processing system similar to that of humans (and other animals), it should provide them 
with extremely fine discrimination due to the large change in activity ratio that even a very small 
difference in wavelength would give them. But having an opponent processing system between 12 
spectral receptors necessarily require a very intricate web of neuronal wiring and would likely be 
very costly in terms of energy demand. In addition, theoretical modelling of visual systems suggests 
that having more receptors is not necessarily better for colour discrimination. The optimal number 
of receptors to sample the visual world effectively and efficiently from the ultraviolet (UV) to the 
far-red would likely be between 4-7 (Barlow, 1982, Maloney, 1986). Trichromacy (three receptors) 
is found in almost all animals that lack UV sensitivity while those that do extend the range possess 
four receptors (tetrachromacy). This parsimony of information flow suggests another explanation is 
needed for stomatopods.  
 
Previous studies (Marshall et al., 1996, 2007) have suggested that, instead of using an opponent 
processing system like that of humans, stomatopods have opted for a much simpler design, relying 
on parallel processing and binning of colour signals. This implies that, instead of taking the spectral 
output from each channel and comparing them, the information is rather being processed in parallel 
streams, essentially “binned” into separate compartments where colour information is sent directly 
and linearly from the retina to the brain. An analogue to this system could be the cochlea in the 
inner ear where sound is encoded on the basis of frequency. Another possibility, which is not 
necessarily mutually exclusive is that the colour is encoded on the basis of serial dichromacy 
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(Marshall et al., 1996, Cronin and Marshall, 2001). In this organisation, each midband row would 
function as a dichromatic colour channel, comparing the input from the distal and proximal main 
retinular cells. Such a system would require much less processing power than a fully opponent 
organisation, and would leave each channel (row) with a narrow spectral window to analyse. 
Previous work on stomatopod neural wiring beneath the retina (Fig. 1.3 a) (Kleinlogel et al., 2003, 
Kleinlogel and Marshall, 2005), and visual modelling (Chiao et al., 2000) gives support to the 
hypothesis of a simpler colour processing system.  
 
1.2 Significance of project 
In addition to the value of increased knowledge about the visual capabilities of these fascinating 
crustaceans, gaining a better understanding of one of the most complex visual systems known could 
potentially aid in the development of novel optical technologies. Biomimicry is an emerging field 
with increased interest as the technical, economical and environmental value of such findings are 
gaining recognition. New findings on the physiological structures in the stomatopod eyes used for 
manipulation of polarized light (quarter-wave retarders) show that they have superior performance 
to currently produced artificial filters (Roberts et al., 2009). This has further led to the development 
of a novel material that could lead to better digital data storage (Jen et al., 2011). In addition comes 
other innovative designs for a variety of optics-dependent technologies including hyperspectral 
imagers used in remote sensing, an imaging technique frequently employed in areas such as marine 
monitoring (Roberts et al., 2014, York et al., 2014). 
 
1.3 Aims and questions 
This thesis attempts to answer some of the questions regarding how and where the stomatopod 
processes colour and polarization information. Using methods including behavioural experiments, 
intracellular electrophysiological recordings and neural tracing experiments the following 
hypothesis are examined: 
 
- Do the intracellularly recorded spectral sensitivity maxima remain similar across species of 
stomatopods living within the same depth? (Chapter 2) 
- How well do stomatopods discriminate between different wavelengths of light, and what can 
this tell us about their colour processing system? (Chapter 3) 
- Would it be more appropriate to test spectral discrimination using natural spectra, and can 
stomatopods discriminate between these? (Chapter 4) 
- How would a proposed parallel colour processing system work? (Chapter 5) 
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- What is the general layout of the colour and polarization pathways in the stomatopod neural 
architecture? (Chapter 6) 
- What do the various stages of processing (lamina, medulla, lobula, lateral protocerebrum 
and central brain) tell us about how stomatopods see colour and polarised light? (Chapter 6) 
 
1.4 Thesis organisation:  
 
Chapter 1: Gives a general description of the stomatopod visual system and behavioural ecology 
Chapter 2: Describes the similarities of the spectral sensitivities across species of Gonodactyloid 
stomatopods. 
Chapter 3: Investigates the spectral discrimination abilities of stomatopods and suggests a new 
colour processing system 
Chapter 4: Discusses the benefits of using step-shaped stimuli in spectral discrimination 
experiments 
Chapter 5: Proposes a colour vision system based on interval decoding and a "winner-takes-it-all" 
system. 
Chapter 6: This chapter is divided into subchapters going through the neural architecture of the 
stomatopod visual system:  
 Chapter 6.1: Gives an overview of the neuroanatomical methods used for the following 
 chapters.  
 Chapter 6.2: Investigates the layout of the first optic neuropil, the lamina 
 Chapter 6.3: Examines the second optic lobe (the medulla) in regards to the structural 
 organisation and communication between the information contained in the midband 
 pathway and the hemispheral regions.  
 Chapter 6.4: Goes through the third optic neuropil (the lobula) in addition to the lateral 
 protocerebrum to investigate the mixing of the chromatic and achromatic channels and 
 projection pathways. 
 Chapter 6.5: Gives a description of the major features of the stomatopod central brain. 
Chapter 7: Summarizes the thesis and provides the concluding remarks 
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2 Chapter 2. Intracellular recordings of spectral sensitivities in stomatopods: a comparison 
across species 
 
2.1 Abstract: 
The complex eyes of stomatopods have been studied for a quarter of a century and while we have a 
thorough knowledge of the anatomical structures of the retina there are still unanswered questions 
regarding the function of these structures. These species possess one of the most complex eyes in 
the natural world, with up to 20 different classes of photoreceptors of 16 anatomically separate 
types, 12 of which are used in colour vision. It is not yet understood why stomatopods use almost 4 
times more receptors than other animals, although some suggest it could provide a mechanism for 
colour constancy (Osorio et al., 1997) Here we investigate the spectral sensitivities of 5 species of 
stomatopods within the superfamily Gonodactyloidea using intracellular electrophysiological 
recordings. The results show that the spectral sensitivities across species of stomatopod are 
qualitatively remarkably similar indicating that animals living in similar environments retain very 
similar spectral sensitivities across species. A colour vision system based on parallel processing of 
each separate sensitivity, as suggested by Thoen et al. (2014, Chapter 3) would necessitate broad 
coverage throughout the spectrum and narrow sensitivity curves within each photoreceptor to be 
able to sample the environment efficiently. The observed similarity of spectral sensitivities across 
species therefore lends support to the hypothesis of an unconventional colour vision system.  
2.2 Introduction 
 
2.2.1 Stomatopod colour vision 
Living in a spectrally rich environment, such as shallow coral reefs, may or may not lead to good 
colour vision. Stomatopods, commonly known as mantis shrimp have one of the most complex 
visual systems known in the animal kingdom, with 16 different classes of photoreceptors and the 
capacity to see linear, circular and elliptical polarised light (Marshall, 1988, Cronin and Marshall, 
1989b, Kleinlogel and Marshall, 2006, Marshall et al., 2007, Chiou et al., 2008). As colour 
attenuates quickly with increasing depth it is only the shallow water species within the four 
superfamilies Pseudosquilloidea, Hemisquilloidea, Gonodactyloidea and Lysiosquilloidea 
(Marshall et al., 2007, Porter et al., 2010) that appear to take advantage of the spectral range 
available to them, with species living in deeper water most likely having lost these specialisations 
(Cronin and Porter, 2008, Porter et al., 2010). The eye of the stomatopod is divided by a band of 
specialised ommatidia, termed the midband, which separates the rest of the eye into dorsal and a 
ventral hemispheres (Fig 2.1). The midband consists of 6 rows of ommatidia; row 1-4 contains 12 
narrowbanded spectral receptors while row 5 and 6 are achromatic but with receptors that are 
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sensitive to circular polarised light, a visual modality that no other animal is known to have (Chiou 
et al., 2008). The ommatidia in the stomatopod eye are composed of 8 retinula cells  (R1-R8). 
Retinula cells 1-7 (R1-R7) make up the main rhabdom, while R8 is a small, four-lobed UV-
sensitive cell placed on top of the other seven. In rows 1-4 of the midband the R1-7 cells are divided 
into two different tiers, R1, 4 and 5 making up one tier and R 2,3,6 and 7 making up the other. 
These two tiers have different spectral sensitivities, giving each ommatidium in row 1-4 a total of 
three spectral sensitivities, one UV sensitive R8 cell, and 2 in the "visual" part of the spectrum (Fig. 
1.3 introduction). Rows 1-4 therefore have a total of 12 different spectral sensitivities. In row 5 and 
6 the R1-7 are not divided into different tiers and have an achromatic broadbanded spectral 
sensitivity centred around 500 nm in addition to their ability to detect circular polarization.   
 
2.2.2 Function 
The reason for the stomatopods many spectral sensitivities have been puzzling scientist ever since 
they were discovered in 1988 (Marshall, 1988). Most other animals have between 2-3 spectral 
sensitivities. This enables them to discriminate colours well within most of the visual part of the 
spectrum. Some animals have one or two extra sensitivities increasing their discrimination abilities 
into the ultraviolet (UV) range of the spectrum. Theoretical modelling show that the ideal number 
of spectral sensitivities for sampling the whole spectrum (from UV to far-red) range between 4-7 
but any more than that will not be beneficial due to an increased signal-to-noise ratio (Barlow, 
1982, Maloney, 1986). Osorio et al. (1997) suggested that the stomatopods multiple spectral 
sensitivities gives them better colour constancy (ability to perceive colours under varying 
illumination) under water. Stomatopods are known for using different coloured signals on their 
body parts for communication, especially during territorial fights (Dingle and Caldwell, 1969, 
Adams and Caldwell, 1990) or during sexual interactions (Chiou et al., 2011), and having good 
colour constancy may therefor be of benefit as it allows them to achieve fast and reliable colour 
identification.  
 
2.2.3 Opsins and filters 
With 16 different classes of photoreceptor it was hypothesised that stomatopods could have up to 16 
different visuals pigments, where each photoreceptor to express a different opsin gene. But Porter et 
al. (2009, 2010) and Cronin et al. (2010) found that this is not the case. Surprisingly, the number of 
opsins identified in the stomatopod retina greatly exceeds the number of spectral sensitivities (a 
total of 54 unique retinal opsins were isolated from 5 species), suggesting that several opsins are co-
expressed within single photoreceptor cells or used at different times. This implies that there have 
been extensive gene duplication events, both in recent time, but also within the stem crustacean 
   
 27 
lineage, forming distinct clades separating opsins into colour or polarization vision specialists 
(Cronin et al., 2010). Although the stomatopods have such a diversity of opsins, their spectral 
maxima only have a range from between 300 nm to 550 nm (Bok et al., 2014, Cronin et al., 2014). 
One of the reasons that stomatopods may have so many spectral sensitivities ranging from 300 to 
700 nm is because of the filtering of light through the rhabdom. Row 2 and 3 have intra-rhabdomal 
filters (Marshall, 1988, Cronin et al., 1994b) consisting of segmented photostable pigments located 
between the two photoreceptor tiers. The number of filters varies between species but can be up to 
four. These filters functions as long-pass filters that successively narrow the spectrum of light 
passing through the rhabdom, thus increasing the long wavelength sensitivity at each step. Row 1 
and 4 does not have these intra-rhabdomal filters, but instead the actual placement of the visual 
pigments within the tiers (using a short wavelength pigment in the distal tier and a longer 
wavelength pigment in the proximal tier) helps shift the light to a narrower and sharper spectral 
sensitivity in the proximal tier. In addition to filtering in the rhabdom itself, the stomatopods also 
seem to use specialized ultraviolet long- and short-pass optical filters which are located in the 
crystalline cones (Bok et al., 2014, Cronin et al., 2014) to tune the UV-sensitivities further and 
diversifying them into as many as six distinct UV receptor types in some species (Marshall and 
Oberwinkler, 1999).   
 
With all these specialisations and diversity of opsins and filters one could assume that there would 
be a high degree of variability in the spectral sensitivities within species of stomatopods. Previous 
studies have investigated the spectral sensitivities using microspectrophotometry (MSP) (Cronin 
and Marshall, 1989b, Cronin and Marshall, 1989a, Cronin et al., 1993, Cronin et al., 1994e, Cronin 
et al., 1996, Chiao et al., 2000) which records the absorption spectra of the visual pigments and 
intra-rhabdomal filters in a tissue section, but does not take any other modifications in the optic 
pathway into account. The final photoreceptor sensitivities have then been modelled using the 
various filtering mechanisms and physiological measurements from each ommatidium. Intracellular 
electrophysiological recordings of the photoreceptors is a much more accurate method, as it is able 
to take all of the previously mentioned specialisations into account. The information recorded using 
this method is what is finally encoded and transferred down to the optic processing system for 
further computations, and so represents a more precise estimate of the spectral sensitivity within 
each photoreceptor.  
 
The objective of this study was to use intracellular electrophysiology to investigate the spectral 
sensitivities in several species of stomatopods, and relate these to previous models of sensitivities 
obtained using MSP. We also wanted to compare spectral sensitivities across species to determine 
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whether the diverse arsenal of visual modifications does generate variability. Findings were 
discussed in relation to the retinal anatomy, proposed processing systems and ecology of the 
different species.   
 
2.3 Materials and methods 
2.3.1 Animals 
Species used were Haptosquilla trispinosa, H. glyptocercus, Gonodactylus smithii, G. chiragra, and 
Neogonodactylus oerstedii. The first four are all Australian species collected from Lizard island 
research station on the northern Great Barrier Reef  (GBRMPA Permit no. G12/35005.1, Fisheries 
Act no.140763), while N. oerstedii was collected on the reef flats in Florida Keys, USA. All 
animals were collected from waters of 0-5m depth. Animals were shipped back to the lab and kept 
in saltwater aquaria in a 12h/12h-dark/light cycle with UV-enhanced full-spectrum lighting.  
2.3.2 Intracellular electrophysiology 
Spectral sensitivity was recorded using a setup described elsewhere (Kleinlogel and Marshall, 2006) 
and are therefore only briefly described here: At least half an hour before each experiment the 
animal was placed in total darkness to dark-adapt, and all following steps were performed in dim 
red light. The animal was anaesthetised by cooling before decapitation, and the eyestalk was 
removed from the body. The eyestalk was attached to a plastic rod using cyano-acrylate glue and 
placed in a petri dish containing stomatopod saline (Watanabe et al., 1967). A small hole was cut 
through the cornea in the dorsal or ventral hemisphere using a sharp razorblade, taking care not to 
disturb the underlying photoreceptor cells. The eye was then placed in a spherical glass vial filled 
with saline and placed on a cardan arm device mounted on a pneumatic table inside a Faraday-cage. 
Microelectrodes (Borosilicate, O.D. 1.2 mm x I.D. 0.69mm) filled with 1 M KCL and with a 
resistance between 50-100 MΩ were inserted into the eye. A drop in resting potential to between -
20 to -50 mV and response to a brief flash of white light identified photoreceptor cells. Spectral 
sensitivities were recorded either the spectral scan procedure or the flash method according to 
Menzel et al. (1986) and DeVoe et al. (1997) and the data were recorded as an excel file.  
2.3.3 Dye injections 
Injections of the fluorescent dye Alexa Fluor 568 (Molecular probes, Invitrogen) into the cell after 
the recording were used to determine the position of the cell in the midband and the distal/proximal 
position in the rhabdom. The tip of the microelectrode was filled with dye and then backfilled with 
1 M KCL. The dye was injected into the cell using a hyperpolarizing current between 0.1 - 0.2 nA 
in a 1 HZ duty regime using between 20-30 min injection times. After injection the cell condition 
was checked by flashing a brief white light making sure the resting potential of the cell were similar 
   
 29 
to the resting potential before the injection. The eye was then fixed in 4% paraformaldehyde for 1 h 
and sectioned on a cryomictrotome (Leica CM 1100) in 8-10 µm thick sections. A Zeiss Axioskop 
Microscope with fluorescent filters was used to visualise the filled cells. In recordings from cells 
that were not injected with dye the cell identity was assumed based on previously filled cells and 
data from MSP recordings.  
2.4 Results 
2.4.1 Spectral sensitivities 
Recordings of photoreceptor sensitivities were obtained from all five species. Only sensitivities 
obtained from the photoreceptor cells within rows 1-4 and the UV-sensitive R8 cells were included 
in this study (the broadbanded sensitivities from row 5 and 6 and the hemispheres were omitted). A 
total of 13 sensitivities were identified within N. oerstedii, 11 in H. trispinosa, 8 in G. chiragra, 10 
in H. glyptocercus and 11 in G. smithii (Fig. 2.1 to 2.4, Table 2.1 and 2.2). Some of the recordings 
shown here have been published previously: the recordings from the ultraviolet receptors in N. 
oerstedii were published in Marshall and Oberwinkler (1999) and the remaining sensitivities were 
published in Marshall et al. (2007). The spectral sensitivities of H. trispinosa were performed by H. 
H. Thoen and Prof. Tsyr-Huei Chiou and were published in Thoen et al. (2014, Chapter 3). The 
sensitivities of G. chiragra and H. glyptocercus were recorded by Prof. Tsyr-Huei Chiou, while the 
G. smithii recordings were performed by H. H. Thoen and Prof. Tsyr-Huei Chiou. Neither of the G. 
chiragra, H. glyptocerus or G. smithii recordings have been published before. Kleinlogel and 
Marshall (2006) published some recordings of the sensitivities or row 2D and rows 5&6 in G. 
chiragra, but the recordings presented here are not the same as these. An overview of the spectral 
sensitivities of each species is shown in figure 2.1. Cell identities according to midband row and 
distal/proximal position were determined either by injections into the cell using a fluorescent dye or 
by comparisons to similar sensitivities determined by injections or MSP recordings. The spectral 
sensitivity curves have been smoothed and normalised (Fig. 2.3) as it is believed that, due to distal 
filtering, all mid-band sensitivities have approximately the same shape (Marshall et al., 1996).  
 
The spectral scan procedure produces the spectral sensitivity immediately. The flash method 
recordings on other hand, needs to be corrected to the response-log stimulus intensity (V/log I) 
curve using the Naka-Rushton equation (Naka and Rushton, 1966b, 1966a). Due to time 
restrictions, this work has not yet been carried out for the species G. chiragra, H. glyptocerus and 
G. smithii, but will be performed as soon as possible. We nevertheless chose to include the flash 
recordings here, as the shift in λ-max between the scan recorded and flash recorded cells were 
relatively small (Fig. 2.4) and we wanted to illustrate the range of recorded cells. 
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When comparing the spectral sensitivities from each species by photoreceptor identities their 
similarity becomes apparent (Fig. 2.2).  Some variability does exist, in particular within rows 2 and 
3. In H. trispinosa row 3P were identified as having a maximum sensitivity (λ-max) around 665 nm 
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Figure 2.1. Comparison of spectral sensitivities across species of stomatopods. Spectral sensitivities measured with the SCAN method are 
shown in solid lines while sensitivities measured with the FLASH method are shown in dash-dotted lines. a) N. oerstedii, b) H. trispinosa, 
c) G. chiragra, d) H. glyptocercus and e) G. smithii. All photos: Roy Caldwell
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and row 3D had a λ-max around 610 nm, which is shifted towards shorter wavelengths compared to 
the other species G. smithii also have shifted sensitivities towards shorter wavelengths, with row 3P 
λ-max around 670 nm.  
 
 
Several studies have been performed where it was shown that stomatopods are able to tune their 
colour vision according to habitat depth, (Chiao et al., 2000, Cronin and Caldwell, 2002, Cheroske 
and Cronin, 2005, Cheroske et al., 2006) (Fig. 2.5). H. trispinosa and G. smithii have been shown to 
shift their long wavelength sensitivities towards shorter wavelengths in Row 2 and 3 (Fig. 2.5 a, b) 
when inhabiting restricted light environments, while N. oerstedii did not display any spectral tuning 
(Fig. 2.5 c)(Cheroske et al., 2006). Comparing the results in this study to the calculated sensitivities 
from MSP data of deep and shallow tuned sensitivities, the long wavelength sensitivities of row 3D 
are more similar to the deep-water tuned than the shallow-water tuned sensitivities. On the other 
hand, the row 3P sensitivity of N. oerstedii is shifted slightly towards longer wavelengths when 
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Figure 2.2. Comparison of sensitivities across each photoreceptor. a) to d) belongs to the UV sensitive R8 cells, e) Row 1 distal, f) Row 4 distal, 
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compared to the computed sensitivities from MSP data (Cronin et al., 1994a, Marshall et al., 2007) 
(Fig. 2.5).   
 
Table 2.1. Sensitivity maxima (λ) of photoreceptors for each species.  
Sensitivities Neogonodactylus 
oerstedii 
Haptosquilla 
trispinosa 
Gonodactylus 
smithii 
Gonodactylus 
chiragra 
Haptosquilla 
glyptocercus 
R8 316 315 315 - 310 (F) 
R8 329 325 325 320 - 
R8 342 - 345 - - 
R8 379 370 370 (F) - 370 (F) 
R8 380 - - 410 - 
R1D 431 420 425 425 400(F) 
R4D 444 445 450 460 440(F) 
R1P 477 470 - 475 460 (F) 
R4P 499 490 500 (F) 500 500(F) 
R2D 562 555 560 - 545 
R2P 610 585 600(F) 580 590(F) 
R3D 673 610 610(F) - 670 (F) 
R3P 698 665 670 720 700 (F) 
R1-4 indicates row number, distal (D) or proximal (P) position, retinula cell number 8 (R8), scan (S) or flash (F) 
method.  
 
Table 2.2. Number of recorded cells and number of recordings per cell from each photoreceptor 
Neogonodactylus 
oerstedii 
Haptosquilla  
trispinosa 
Gonodactylus 
smithii 
Gonodactylus 
chiragra 
Haptosquilla 
glyptocercus  
 #Cells #Rec #Cells #Rec #Cells #Rec #Cells #Rec #Cells #Rec 
 S F  S F  S F  S F  S F 
R8 3 3 3 1 4 - 4 14 - - - - 2 - 2 
R8 3 - 3 3 9 - 3 2 4 3 3 4 - - - 
R8 3 3 3 - - - 3 4 1 - - - - - - 
R8 3 - 3 5 15 - 3 6 3 - - - 4 1 7 
R8 3 3 - - - - - - - 3 8 - - -  
R1D 3 2 3 6 20 - 8 17 4 3 5 3 2 1 1 
R4D 3 3 1 7 21 - 17 37 9 3 7 - 4 2 6 
R1P 3 3 - 4 12 - - - - 2 4 3 5 - 9 
R4P 1 - 3 5 16 - 1  1 1 2 1 2 - 5 
R2D 3 3 3 5 18 - 5 24 2 - - - 2 3 3 
R2P 1 - 3 2 6 - 2 2 1 2 7 2 3 6 7 
R3D 3 3 3 2 6 - 1  2 - - - 5 4 9 
R3P 1 - 3 5 21 - 5 12 2 1 2 1 1 - 3 
Number of cells recorded from in total (#Cells), number of recordings in total (#Rec), scan method (S), flash method 
(F). 
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Figure 2.3. Spectral sensitivities of G. smithii. a) Scan recorded spectral sensitivities (mean +/- SD). b) Scan recorded sensitivities (raw recording 
traces). c) Flash recorded spectral sensitivities (mean +/- SD). d) Flash recorded sensitivities (raw recording traces). e) Scan recorded spectral 
sensitivities showing unsmoothed (black lines) and smoothed (turquoise lines) data. f) Flash recorded spectral sensitivities showing 
unsmoothed (black lines)  and smoothed (turquoise lines) data. g) and h) showing injected photoreceptor in row 1D with the filled cell visible 
(arrow) in the red channel in g) while not in the green channel in h). 
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Table 2.3. Species ecology and physiology. Overview of species, collections sites, depth range, the 
number of rhabdomal filters in row 1 to 4 and the habitat they occupy.  
Species Location Depth Rhabdomal filters Ecology/habitat 
Neogonodactylus oerstedii Florida Keys 0-5m 4 Reef flats 
Haptosquilla trispinosa Lizard island 0-30m 4 In burrows in coral rubble 
Gonodactylus smithii Lizard island 0-20m 4 Reef flats  
Gonodactylus chiragra Lizard island 0-5m 4 Reef flats 
Haptosquilla glyptocercus Lizard island 0-10m 4 In burrows in coral rubble 
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Figure 2.4. Examples of cells recorded using the scan and the flash method. Scan recordings are shown in solid lines 
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2.4.2 Secondary peaks 
In some recordings a smaller, secondary peak in the ultraviolet region appears (Fig. 2.6). So far 
these peaks have mostly been observed in the shorter wavelength sensitivities between 370 nm to 
550 nm. Similar peaks were observed in all the investigated species, although the λ-max of the 
original sensitivity varied. Kleinlogel and Marshall (2005) found that the UV-sensitive R8 axons 
demonstrated varying degrees of arborisations in the lamina with row 1-4 having extensive 
arborisation compared to the smooth axons of row 5 and 6 (Fig. 2.6b).  
 
2.5 Discussion 
2.5.1 Comparisons of spectral sensitivities 
The results found in this study are in good agreement with microspectrophotometric recordings 
from other stomatopod species (Cronin and Marshall, 1989b, Cronin et al., 1993, Cronin et al., 
1994a, Cronin et al., 1994c, Cronin et al., 1994e, Chiao et al., 2000, Marshall et al., 2007) (Fig. 
2.3). Previous studies (Cronin et al., 2001, Cronin and Caldwell, 2002, Cronin et al., 2002) have 
shown that stomatopods are able to tune their spectral sensitivities according to their habitat. This 
tuning is performed using the intra-rhabdomal filters, where the optical density and spectral shape 
of the filter is adjusted according to the dominating light environment (Cronin and Caldwell, 2002). 
The visual pigments themselves do not appear to be tuneable (Cronin et al., 2002), and as it is only 
midband row 2 and 3 that contains filters, row 1 and 4 remain the same under different light 
conditions. Differences among the filters themselves are also evident, with those in row 2 using a 
different filter pigment in each major stomatopod lineage while row 3 filters use flexible 
interconversion and mixing of pigments, making these filters tuneable within an individual 
(Cheroske et al., 2006, Porter et al., 2010). As red light attenuates quicker than blue light with 
increasing depth this system is logical, as it enables the stomatopods to tune the maximum 
sensitivity of their colour vision system according to their environmental depth. 
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Figure 2.6. Secondary UV peaks. a) Showing the main spectral sensitivities of N. oerstedii, H. trispinosa, G. smithii, G. chiragra and H. 
glyptocerus with their smaller secondary peaks in the UV. The secondary maxima range between 305nm to 345nm. All measurements are carried 
out using the SCAN method. b) Illustration of the R8 axons from the dorsal/ventral hemisphere (DH/VH), Rows 1-4 and Rows 5 & 6 (Adapted 
from Kleinlogel and Marshall, 2005). 
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2.5.2 Tuning of sensitivities 
Looking at the results from this study, the largest variability of λ-max is found in the sensitivities in 
row 2 and 3. The recordings from H. trispinosa and G. smithii indicate that the row 3 proximal 
photoreceptor sensitivities have shifted towards shorter wavelengths, though not as much as the 
calculated MSP sensitivities from 18m depth (Cronin and Caldwell, 2002, Cheroske and Cronin, 
2005). The species included in this study were all collected in shallow water (0 - 5m) (2.3), but 
despite recording from the animals as quickly as possible after bringing them to the lab and keeping 
them in a light environment as close as possible to natural, some changes to their spectral 
sensitivities may have occurred. Both Cronin et al. (2001) and Cheroske et al. (2006) found that 
individuals of H. trispinosa, Neogonodactylus wennerae and Neogonodactylus bredini kept in 
restricted light environment (lacking wavelengths longer than 550 nm) for about 3 months changed 
their filters to resemble filters of deep-water living animals, indicating that their colour vision 
encompass a significant level of phenotypic plasticity. G. smithii have also been shown to be able to 
tune their colour vision (Cheroske and Cronin, 2005), as well as being able to change their body 
colouration according to depth. N. oerstedii on the other hand did not change its filters significantly, 
suggesting a more limited ecological variation in habitat depth. This is in agreement with our 
results, which showed no shifting towards shorter wavelengths in N. oerstedii. H. trispinosa and G. 
smithii are known to inhabit depths from 0 to ~30m, and hence may exhibit a larger amount of 
tuning ability in their colour vision, while N. oerstedii and G. chiragra only live in very shallow 
waters (0-5 m) and therefore have no need for this tuning ability. Kleinlogel and Marshall (2006) 
published the sensitivities of G. chiragra row 2 and row 5 and 6 as having very similar sensitivities 
around 565 nm. As the sensitivities of row 5 and 6 are normally found to be broadbanded this was 
quite surprising. We did not have any recording of sensitivities around 565 nm (the closest had a λ-
max of 580 nm) so we cannot confirm this, but it may just be the case that we have not yet been 
able to record from these cells.  
 
2.5.3 Secondary UV-peaks 
In some recordings of sensitivities between 350-550 nm a secondary peak in the UV was observed. 
These results suggest that there could be communication between the UV sensitive R8 cells and the 
R1-7 cells in row 1-4. Morphological descriptions of the axons of the UV sensitive R8 cells (long 
visual fibres, lvfs) in Kleinlogel and Marshall (2005) (Fig. 2.4) give some support to this theory. 
While the axons of photoreceptor cells 1-7 (short visual fibres, svfs) terminate in the first optic 
neuropil (the lamina), the lvfs project through the lamina and terminate in the second optic neuropil 
(the medulla). Kleinlogel and Marshall found that the lvfs in row 1 to 4 have extensive arborisations 
in the lamina (in both lamina plexiform layers, epl1 and epl2), while in row 5 & 6 the lvfs are 
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smooth and with no arborisations. In the hemispheral parts the lvfs have some arborisations but not 
as much as in row 1-4. Kleinlogel et al. (2003) found that the lvfs in row 1-4 do form triad synapses 
with the terminals of  the svfs and the monopolar cells, but were unable to determine the 
directionality in their ultrastructural observations (though the lvf were assumed to be presynaptic). 
No dye coupling was observed so it was assumed that there were no electrical contacts between the 
lvfs and the svfs or monopolar cells. Kleinlogel et al. (2003) also suggested that the screening 
pigments of the R8 cells in stomatopods (Cronin et al., 1994e), which are not found in other 
crustaceans, indicate that the R8s of row 1-4 are used as spectral receptors. All the species 
investigated exhibited secondary peaks in the UV, but there were differences regarding the type of 
cell from which they were obtained. The majority had sensitivities between 400-500 nm, indicating 
that they belonged to row 1 or 4 photoreceptors, but one recording had a λ-max at 545 nm 
suggesting that other rows also have some UV communication. Other reasons for this secondary 
UV-peak could be that there has been a cross-recording between the R8 cell and the R1-7 cells, or 
that the secondary peak is in fact a β-band of the original spectral sensitivity.  
 
2.5.4 Conclusion 
The work on identifying specific opsins contained within in each midband row/photoreceptor type 
is still being carried out. However, we do know that stomatopod retinae contain an extreme 
diversity of opsin sequences. Porter et al. (2009) found for example that G. smithii and N. oerstedii 
possessed 10 and 15 unique opsin sequences respectively. Despite this diversity of opsins, the 
spectral sensitivities remain remarkably stable (at least within species of the same light 
environment), as shown both in MSP measurements and in this study. Proposed explanations 
(Schram et al., 2013) for this are;  that either some of the transcripts are not translated/integrated in 
with a chromophore in the membrane; or that that multiple spectrally indistinct opsins are expressed 
within single photoreceptors, possibly due to involvement in the cells polarization sensitivity 
(Roberts et al., 2011). It is interesting to note that, despite such variability in opsins and filters, there 
is still a strong trend towards maintaining similar spectral sensitivities between species. Recent 
studies (Thoen et al., 2014, Chapter 3) on the colour vision system of stomatopods have found that, 
despite the large number of photoreceptors, stomatopods have quite poor spectral discrimination. 
This has led to the hypothesis that the stomatopods may process colour differently to other animals, 
possibly using a system based on a "winner takes it all" principle coupled with interval decoding, as 
proposed in Zaidi et al. (2014, Chapter 5). Such a system would necessitate photoreceptor 
sensitivities that are evenly spread through the spectrum to enable sufficient sampling of the colours 
encountered in their environment. This is exactly what was found in all the shallow-water 
stomatopod species examined. The similarities and distribution of sensitivities across species would 
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then be determined by the type of colour vision they employ rather than the ecological constraints 
that they encounter and could be the explanation for the surplus of spectral sensitivities in 
stomatopods.  
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A Different Form of Color Vision in
Mantis Shrimp
Hanne H. Thoen,1* Martin J. How,1 Tsyr-Huei Chiou,2 Justin Marshall1
One of the most complex eyes in the animal kingdom can be found in species of stomatopod
crustaceans (mantis shrimp), some of which have 12 different photoreceptor types, each sampling a
narrow set of wavelengths ranging from deep ultraviolet to far red (300 to 720 nanometers) (1–3).
Functionally, this chromatic complexity has presented a mystery (3–5). Why use 12 color channels when
three or four are sufficient for fine color discrimination? Behavioral wavelength discrimination tests
(Dl functions) in stomatopods revealed a surprisingly poor performance, ruling out color vision that
makes use of the conventional color-opponent coding system (6–8). Instead, our experiments suggest
that stomatopods use a previously unknown color vision system based on temporal signaling combined
with scanning eye movements, enabling a type of color recognition rather than discrimination.
Stomatopods are benthic marine crustaceansthat are generally found in tropical and tem-perate waters. Their compound eyes pos-
sess the largest number of photoreceptor types
known in any animal [between 16 and 21 dif-
ferent receptors in some species (1, 3, 9)], allow-
ing them to discriminate color (5) as well as both
linear and circular polarized light (3, 10). Such
retinal complexity is unrivaled in the animal king-
dom, although papilionid butterflies may have
up to eight spectral sensitivities (11). Theoretical
approaches have predicted that between four and
seven photoreceptor types are all that is needed
to accurately encode the colors of the visible spec-
trum (12–14). The four-channel (tetrachromatic)
solution that birds and reptiles use to sample a
spectral range from 300 to 700 nm is optimally
arranged to encode the known colors within this
range. Where the spectrum examined loses the
ultraviolet (UV) or red end, three photoreceptors
suffice, and trichromacy is the solution that many
animals exhibit (12).
Our questionwas therefore, why do the stoma-
topods use 12 different photoreceptors to encode
color? Before the experiments described here,
Marshall et al. (5) demonstrated that stomatopods
are capable of simple color discriminations based
on color-card tests, similar to those devised by
Carl von Frisch for bees and now used widely for
a number of animals (15). We hypothesized two
alternative mechanisms for color information pro-
cessing in stomatopods: (i) a multiple dichromatic
color-opponent system (as described below), or
(ii) the binning of colors into 12 separate channels,
without any between-channel comparisons (4, 16).
Like butterflies, stomatopods have a variety of
colorful body patterns, even using fluorescence to
enhance color display (17). Furthermore, many of
these species inhabit shallow coral reefs, one of the
most colorful environments on Earth. The stomato-
pod’s colors are thought to be involved in particular-
ly complex communication systems, both between
and within species (18), but little of this complexity
requires a 12-dimensional color space to distinguish
the colors available. Osorio et al. (19) speculated
that stomatopods use their color sense to make
reliable and quick judgements of color signals from
conspecifics under changing light conditions, their
steep-sided spectral sensitivities allowing particu-
larly good color constancy. This would require com-
parison of the spectrally adjacent sharply tuned
spectral sensitivities, and there is some anatom-
ical evidence supporting this idea (6).
Stomatopod eyes are made up of a dorsal and
ventral hemisphere, divided by a region of distinct
1QueenslandBrain Institute, University of Queensland, Brisbane,
Queensland 4072, Australia. 2Department of Life Sciences,
National Cheng Kung University, Tainan City 70101, Taiwan,
Republic of China.
*Corresponding author. E-mail: h.thoen@uq.edu.au
A B
Fig. 1. (A) Spectral sensitivities of H. trispinosa. Spectral sensitivity curves obtained from intracellular
electrophysiological recordings. The figure shows smoothed data (four neighbors on each side, second-order
polynomial), normalized to 100% (see table S1). (B) Eye ofH. trispinosa. Showing the dorsal hemisphere (DH) and
ventral hemisphere (VH), divided by the midband (MB) containing the color receptors in the four top rows (CV).
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ommatidia (optical units) termed the midband
(Fig. 1). Within two superfamilies of stomatopods
(Gonodactyloidea and Lysiosquilloidea), this mid-
band consists of six separate rows of ommatidia,
each with different functionalities (2). Rows 1 to 4
are involved in color processing; rows 5 and 6
mediate the detection of circular or linear polarized
light (3). A total of 12 cell types, each with differ-
ent spectral sensitivities, are found within rows
1 to 4, with four UV-sensitive retinular cells located
distally in the retina and by convention termed R8
cells (3). Beneath theR8 cells, the remaining seven
retinular cells (R1 to R7) are further divided into
two tiers (2). Comparison of the secondary R1 to
R7 cell tiers would yield a set of highly tuned di-
chromatic mechanisms, sampling the 400- to
700-nm part of the spectrum in four bins as per
hypothesis (i) above (3, 6, 19) (Fig. 1). Hypoth-
esis (ii) would require a recognition of the pattern
of excitation over the entire spectrum.
To distinguish between the two proposed
hypotheses, we tested the ability of stomatopods
to distinguish between different hues [spectral dis-
crimination (Dl) functions] using theGonodactyloid
stomatopod speciesHaptosquilla trispinosa. When
two narrow-band spectral stimuli are presented
simultaneously, they can only be discriminated
when the difference between them is over a cer-
tain threshold, giving theminimumdiscriminable
difference. Spectral discrimination curves obtained
from other animals usually exhibit certain minima
in areas between the spectral sensitivity curves
(20). Therefore, dichromats usually exhibit one such
minimum, trichromats have two minima, tetrachro-
mats have three, and so on. Our goal was therefore
to test the color discrimination abilities of mantis
shrimp by using a two-way choice test (Fig. 2 and
fig. S1) in which the animal is trained to a specif-
ic wavelength by means of food rewards. The
wavelength stimuli were presented to the animal
with a pair of optical fibers, and a choice was
recorded when the animal grabbed or tapped the
end of the fiber. Test colors were presented to-
gether with the trained colors at varying wave-
length intervals to determine atwhat point the animal
could no longer discriminate between the two stimuli
(i.e., when the success rate dropped to 50%).
Animals were trained successfully to 10 dif-
ferent color wavelengths: 400, 425, 450, 470,
500, 525, 570, 578, 628, and 650 nm. When the
test wavelengthwas 50 to 100 nm from the trained
wavelength, the success rates were between 70
and 80%, indicating that they discriminated well
between the two stimuli. However, when the inter-
val between the trained and test wavelengths was
reduced to between 25 and 12 nm, the success rates
dropped to around 50%, and it was clear that the
stomatopods could no longer distinguish test from
trained stimuli. An example of success rates is
given in Fig. 2, and further results are shown in
tables S2 and S3. The discrimination threshold was
chosen to be at a 60% success rate, in accordance
with previous studies on animal discrimination
thresholds (20). Using the interpolated points at
60%, we determined a relative spectral discrimina-
tion curve of Dl/l (Fig. 3). The resulting values of
Dl were all in the region between 12 and 25 nm,
and the prominent dips, or minima, usually asso-
ciated with the points between spectral sensitivity
maxima in other studieswere not clearly defined by
spectral overlap regions (Fig. 3).
The potential spectral discrimination ability,
based on previously known color vision systems,
was alsomodeled to allow us tomake predictions
about the stomatopod color processing system. The
Fig. 2. Examples of correct choice data from a two-way choice test of H. trispinosa. Curves are
plotted as mean T SEM. The horizontal dashed lines indicate the 50% (chance) and 60% (discrimination)
criteria. (A) Choices of animals trained to 470 nm (n = 7) and tested toward longer wavelengths. (C)
Choices of animals trained to 570 nm (n = 4) and tested toward shorter wavelengths. The number above
each point indicates the tested wavelength interval. (B and D) Examples of animals making a choice.
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Fig. 3. Spectral discrimination curves (Dl/l).
The spectral discrimination curve from behavioral
testing of H. trispinosa is shown by a thick black
line, and themodeled spectral discrimination curve is
shown by a thick dashed line. [The figure is modified
from Koshitaka et al. (20).]
A
B
C
D
Fig. 4. Proposed processing mechanism. (A)
Idealized spectral reflectance from stomatopod
body parts. WL, wavelength. (B) Spectral sensitivities
throughout the spectrum divided into separate
bins. (C and D) Excitation patterns of each spectral
sensitivity when looking at the blue (C) and red (D)
reflectance spectra.
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sensitivities of the photoreceptors in H. trispinosa
weremeasured using intracellular electrophysiology
(9) (table S1). Eight sensitivitymaxima were found
in the visible part of the spectrum, and another three
were found in the UV {the fourth UV cell often
proving hard to locate and record from [(9), Fig. 1]}.
We modeled the stomatopod spectral discrimina-
tion curve using the Vorobyev/Osorio noise-limited
model (21) (which determines color thresholds using
photoreceptor noise levels) for a serial dichromatic
system with comparison between each adjacent
spectral sensitivity [mechanism (i) above (note S1)].
This system predicts very fine discrimination be-
tween 1 to 5 nm throughout the spectrum, with few
peaks of coarser discrimination as seen in other
animals. Such fine spectral discriminationwould be
expected in a color vision system that made analog
comparisons between adjacent spectral sensitiv-
ities. The behavioral results presented here (Fig. 2)
suggest that such analog comparisons are not made.
Instead, stomatopod color vision is remarkably
coarse (Fig. 3).
The results from our experiments suggest that
the stomatopods do not use a processing system of
multiple dichromatic comparisons as previously
hypothesized based on assumed neural connections
(16). Instead, we provide evidence that scanning
eye movements (22) may generate a temporal sig-
nal for each spectral sensitivity, enabling them to
recognize colors instead of discriminating them.
(Fig. 4) (3, 4). In such a system, the 12 sensitivities
(including the UV, not analyzed here but with its
multiple sensitivities a good fit to the system en-
visaged) would be converted into a temporal pat-
ternwhen scanned across an object,which the animal
could recognize as color. This system is comparable
to the spectral linear analyzers (termed ”push-broom”
analyzers because of the arrangement of the sen-
sors and the flight direction) used in remote sensing
systems (23) and is a unique way for animals to
encode color. Although this system does not have
the ability to discriminate between closely positioned
wavelengths (and results in spectral “discrimina-
tion” defined by the distances between sensitivity
peaks, seenwhen comparing Fig. 1 and 3), it would
enable the stomatopod to make quick and reliable
determinations of color, without the processing de-
lay required for a multidimensional color space.
Without the comparison of spectral channels, color
constancy would not function in the way we
currently understand it in other animals. Instead,
identification of a color pattern by the mid-band
and luminance by the hemispheres might function
as a “panchromatic” method to discount illumi-
nance (23). The eye is optically skewed so that both
midband and hemispheres examine the same areas
in space, which lends support to this idea (3). How-
ever, the details of the neural processing from the
receptors remain unknown.
Stomatopods live a rapid-fire lifestyle of com-
bat and territoriality, so possessing a simple, tem-
porally efficient color recognition ability may be
critical for survival (24, 25). As with many in-
vertebrate information-encoding solutions, the
actual processing of the problem is dealt with at
the periphery, in this case by an array of detectors
seen in animals and unconsciously duplicated by
remote-sensing engineers.What remains for us to
discover is the nature of the information and its
importance in the biological decisions these en-
gaging crustaceans make.
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Risky Ripples Allow Bats and Frogs to
Eavesdrop on a Multisensory
Sexual Display
W. Halfwerk,1, 2* P.L. Jones,1, 3 R. C. Taylor,4 M. J. Ryan,1, 3 R. A. Page1
Animal displays are often perceived by intended and unintended receivers in more than one sensory system.
In addition, cues that are an incidental consequence of signal production can also be perceived by
different receivers, even when the receivers use different sensory systems to perceive them. Here we show that
the vocal responses of male túngara frogs (Physalaemus pustulosus) increase twofold when call-induced
water ripples are added to the acoustic component of a rival’s call. Hunting bats (Trachops cirrhosus) can
echolocate this signal by-product and prefer to attack model frogs when ripples are added to the acoustic
component of the call. This study illustrates how the perception of a signal by-product by intended and
unintended receivers through different sensory systems generates both costs and benefits for the signaler.
Elaborate courtship displays are favored bysexual selection but are often opposed bypredation (1, 2). Animals can produce com-
plex signals that are detected and processed through
multiple sensory systems [commonly referred to as
multimodal or multisensory signals (3, 4)]. Many
communication systems once thought to operate
primarily in a single sensorymode actually include
secondary components that stimulate additional
senses (5–7). For instance, lip movements are nec-
essary to produce human speech, but the associated
visual cue of moving lips can also have a dramatic
impact on speech perception (7). Such secondary
signal components can be beneficial when they
enhance the detection and perception of signals
(3,4).However, communication between the sender
and intended receiver rarely occurs in private chan-
nels (8), and signalers are prone to costs imposed
by eavesdroppers, such as predators and parasites
who also attend to their displays (9–11).
Many male frogs possess conspicuous vocal
sacs that evolved to recycle air during the production
of their advertisement calls (6). The inflation and
deflation of the vocal sac additionally act as
1Smithsonian Tropical Research Institute, Apartado 0843-03092,
Balboa, Ancón, Republic of Panama. 2Institute of Biology, Leiden
University, 2300 RA Leiden, Netherlands. 3Department of Integra-
tive Biology, University of Texas, Austin, TX 78712, USA. 4Depart-
ment of Biology, Salisbury University, Salisbury, MD 21801, USA.
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4 Chapter 4. Using step-shaped vs. peak shaped stimuli in spectral discrimination testing  
 
Abstract 
Investigations into how other animals see colour can give us a better understanding of the 
fundamental principles underlying colour vision. It is, however, hard to ask the animal exactly what 
it sees, requiring the use of behavioural experiments and electrophysiological recordings to 
disentangle which visual cues are being used for what purpose. Behavioural testing of colour vision 
ranges from the simple discrimination of coloured stimuli from shades of grey (von Frisch, 1914) to 
spectral threshold testing (Kelber et al., 2003). Threshold tests of spectral discrimination typically 
involve presenting peak-shaped stimuli to an animal, which are trained to perform a specific task in 
relation to the stimuli. Here we argue that using these peak-shaped stimuli is not biologically 
relevant, in particular in the long-wavelength part of the spectrum (i.e. yellow-red colours). Instead 
we investigate the possibility of using step-shaped spectra to test discrimination of stimuli that are 
closer in shape to many natural reflectance spectra. Modelling of the discrimination curve for peak-
shaped and step-shaped spectra shows that a simple dichromatic system using an opponent 
processing system should be able to discriminate both types of stimuli equally well with only minor 
variations.   
 
Stomatopods, which have one of the most complex colour vision systems in the world, have been 
shown to have relatively poor spectral discrimination compared to both theoretical modelling and 
other animals (Thoen et al., 2014). We tested whether using step-shaped stimuli would improve 
their spectral discrimination, but found that the results were very similar to ones obtained using 
peak-shaped stimuli. These results support the hypothesis that stomatopods use a different form of 
colour vision, and demonstrate the need to test step-shaped discriminatory behaviour on animals 
with more conventional colour vision, and such differences are modelled here. 
 
4.1 Introduction 
The natural world is filled with a multitude of colours, which we humans perceive without much 
consideration. Investigations into the colour vision abilities of other animals often reveal that the 
way we see the world does not necessarily match how other animals see it. Understanding how 
other animals perceive colour could give us vital clues into to the principles of colour decoding and 
processing. True colour vision requires the ability to detect changes in the spectral composition of 
light independently of its intensity. A basic requisite to having true colour vision is therefore to 
possess at least two photoreceptor types with different spectral sensitivities, and one type of 
opponent cell that can compare the signals from the two (Maxwell, 1860, Hering, 1878, Helmholtz, 
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1896). Only having one sensitivity would confound the input of wavelength and intensity, as the 
same sensitivity could be equally excited by a low-intensity wavelength near its peak sensitivity and 
a high intensity wavelength further away from this peak. This is termed the principle of univariance, 
and was first described by Naka and Rushton (1966a). There is a great range of what can be 
considered colour vision, from simple organisms that can detect and be guided towards favourable 
light environments, to higher levels of colour perception such as colour categorisation and 
distinguishing between hue and saturation (Kelber and Osorio, 2010). The latter are largely based 
on studies of human colour perception, and it is relatively unknown how other animals detect these 
types of colour phenomena.   
 
4.1.1 Colour vision testing 
To investigate if an animal has "true" colour vision, i.e. the ability to discriminate two stimuli based 
on wavelength regardless of illumination, it is necessary to study the animal’s behavioural response 
to colour stimuli. The type of experiment used depends on the animal in question due to their 
varying cognitive abilities and natural behaviour, but usually it involves one of the following: i) 
Grey card tests in which colours are discriminated against different levels of grey, first introduced 
by Von Frisch (1914) to investigate colour vision in bees; ii) discrimination of relatively 
monochromatic stimuli that can be varied in intensity; and iii) discrimination of broadbanded 
stimuli, which can be adjusted so that one emits more photons across the spectrum than the other 
(Kelber et al., 2003). When true colour vision has been established using one of the methods 
described above, the next level of testing would usually involve examination of colour 
discrimination thresholds. In these tests the animal’s ability to discriminate between two 
wavelengths across the spectrum is assessed, which provides the animal’s spectral discrimination 
curve (Δλ/λ) (Kelber et al., 2003).  Such experiments tend to be carried out using intervals of peak-
shaped relatively monochromatic stimuli, in which the stimulus intensity is adjusted to remove 
achromatic signals. By narrowing the interval between the tested wavelengths, the point of no 
discrimination is determined. The resulting spectral discrimination curve can then be compared to 
visual models of spectral discrimination and inferences can be made regarding which spectral 
sensitivities are being used and how they are being compared. These types of threshold studies 
require precise stimulus spectra, and typically use narrowbanded, peak-shaped light for testing, 
either delivered through an interference filter or, more recently, with light emitting diodes (LEDs) 
(Fig. 4.1 a). On investigating natural reflectance spectra it becomes clear that these can take on a 
variety of forms, most of which are not narrowbanded (Marshall, 2000). While some have a peak 
shape (Fig. 4.1 a), they are usually broadbanded, with a full-width at half-maximum (FWHM) of 
100–200 nm. Many natural spectra are, in fact, rather wide and have a step-shaped curve, especially 
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colours in the longer wavelength end of the spectrum (i.e. yellow and red colours) (Fig. 4.1 b). One 
can therefore question whether the use of narrowbanded peak-shaped stimuli in such experiments 
with FWHMs at 20 nm or less is biologically relevant, and if using a different type of stimuli would 
produce different spectral discrimination results.  
 
4.1.2 Stomatopod colour vision 
One animal that is well known for its colour vision is the stomatopod (commonly known as mantis 
shrimp) (See also Chapter 1 and 3). With 12 different types of spectral receptors (Marshall, 1988, 
Cronin and Marshall, 1989b, b, Marshall et al., 1991b, Cronin et al., 1994e, Marshall et al., 2007) 
stomatopods suggested the potential for a dodecachromatic colour space, although it was not clear 
how such a system would be processed on a neurological level. Marshall et al. (1996) carried out 
behavioural experiments using a variant of the grey-card experiments mentioned above, and showed 
that stomatopods indeed do have true colour vision. A recent study using behavioural experiments 
to test the spectral discrimination of stomatopods have come one step closer to understanding their 
colour vision system (Thoen et al. 2014, Chapter 3). This study revealed that the stomatopods have 
relatively poor spectral discrimination, perhaps unexpected due to the narrow and steep shapes of 
their spectral sensitivities, which by normal conventions (Vorobyev and Osorio, 1998) should 
impart very fine colour discrimination. Such poor discrimination suggests that stomatopods use a 
different form of colour vision, one that is not based on opponency between all receptors. While it 
is not known exactly how such a colour vision system would work, Zaidi et al. (2014, Chapter 5) 
proposed a possible solution that relies on a principle of interval decoding coupled with a winner-
takes-all scheme. To further investigate how the stomatopod’s colour vision works more 
behavioural, electrophysiological and neuroanatomical experiments are required.  
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Figure 4.1. Examples of natural reflectance spectra on a coral reef and artificial spectra. Peak- (a) and step- (b) shaped natural spectra. 
Species in bold text are spectra from various body parts of the stomatopod species Odontodactylus scyllarus. The other spectra are from 
various body parts of fish found on the reef. The fish spectra are from Marshall (2000) while the O. scyllarus spectra are from Osorio et al. 
(1997) The coloured lines represent peak-shaped artificial spectra obtained using either LED's or interference filters. 
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The aim of this chapter was to test whether stimuli that are more biologically relevant, such as step-
shaped spectra, could be used in behavioural experiments instead of, or together with narrowbanded 
peak-shaped stimuli. As stomatopods have been shown able to discriminate peak-shaped stimuli, 
but with poor ability compared to other animals, we wanted to determine whether using more 
natural spectra would increase, or in other ways change, their discrimination capabilities. We also 
wanted to explore the potential benefits and drawbacks of having steep and narrowbanded vs. 
broadbanded spectral sensitivities when it comes to detecting these two types of stimuli.  
 
4.2 Materials and methods 
4.2.1 Spectral measurements 
The natural reflectance spectra of various fish body parts were obtained from Marshall (2000), 
while the reflectance spectra from the stomatopod O. scyllarus were obtained from Osorio et al. 
(1997). Spectral measurements of stimuli used in behavioural experiments were obtained using a 
USB 4000 spectrometer (Ocean Optics).  
 
4.2.2 Modelling 
To understand how step- and peak-shaped colours are discriminated in a hypothetical system, we 
created idealised curves as stimuli and spectral sensitivities to make the results as clear as possible. 
Two sets of spectral sensitivities with normal distribution curves were generated: 1) a dichromatic 
set of narrowbanded sensitivities (St. dev. 20 nm); and 2) a set of broadbanded sensitivities (St. dev. 
50 nm) (Fig. 4.2 a and b). Spectral discrimination modelling (Vorobyev and Osorio, 1998, Kelber et 
al., 2003) typically finds the point of best discrimination to be at the midpoint between two 
sensitivities, we therefore chose to adjust the λ-max of the sensitivities so that they cross at the same 
point, enabling us to compare the discrimination abilities directly (Fig. 4.2 c). We then created 
idealised peak-shaped and step-shaped stimuli with a normal distribution and St. dev. of 5 nm (Fig. 
4.2d and e). Both sensitivities and stimuli were normalised to a maximum of 1. Using the 
Vorobyev-Osorio receptor noise-limited colour model (Vorobyev and Osorio, 1998) and the 
idealised sensitivities and stimuli described above, we modelled the discrimination curve of a 
simplified dichromatic system coupled to an opponent processing system. This provides us with the 
ΔS1, which is an estimated perceptual distance between two stimuli. Using this distance and by 
setting a threshold distance for ΔS (in this case we set the distance to be 1), we can predict the Δλ-
function (Koshitaka et al., 2008, Thoen et al., 2014). The equations used were the same as the 
equations in Chapter 3 (equations 3.1 to 3.5, supplementary material). This modelling was 
performed in 5 nm incremental steps from 300 nm to 650 nm, thereby obtaining a full spectral 
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discrimination curve between the λ-max of each sensitivity. Information obtained "outside" of the 
λ-max of each sensitivity was disregarded. 
 
4.2.3 Behavioural experiments 
A similar behavioural setup was used to that described in Chapter 3 (Thoen et al., 2014), and so will 
only been described briefly here; The stomatopod species used was Haptosquilla trispinosa, a small 
(2-4cm) animal whose natural behavior involves smashing or grabbing objects in front of the 
burrow. Animals were placed in small artificial burrows constructed from 25ml plastic screw-top 
vials covered with black electrical tape, and positioned into shallow individual aquaria filled with 
sand. Step-shaped stimuli were created using long-pass linear variable filters (Ocean optics FHS-
LVF) and a halogen light source (Olympus, LG-PS2) (Fig. 4.3). Stimuli were presented to the 
animal using 1000 µm optical fibres, with one trained cut-off wavelength and one test cut-off 
wavelength of varying intervals away from the trained wavelength (50 nm, 25 nm or 12 nm). For 
the 578 nm trained cut-off wavelength the intervals were shifted towards longer wavelengths (i.e. 
578 nm vs. 628 nm, 578 nm vs. 603 nm etc.) while for the 628 nm-trained wavelength the intervals 
were towards shorter cut-off wavelengths. We defined the step-shaped stimuli to be at a specific 
wavelength, i.e. 578nm when the edge of the step aligned with the peak-shaped stimuli of this 
wavelength (Fig 4.3). Small pieces of prawn placed on the end of a feeding stick were used as food 
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Figure 4.2. a) Idealised narrowbanded spectral sensitivities (St. Dev. 20nm). b) Idealised broadbanded spectral 
sensitivities (St. Dev. 50nm). c) The idealised spectral sensitivities in a) and b) shown in the same graph showing the 
sensitivities crossing at the same point (50%) (arrow). d) Examples of idealised narrowbanded peakshaped stimuli (St. 
Dev. 5nm) positioned 5nm apart. Arrow indicate further stimuli at longer wavelengths. e) Examples of idealised step 
shaped stimuli (St. Dev. 5nm) positioned 5nm apart. Arrow indicated further stimuli at longer wavelenghts. 
a) b) c)
d) e)
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rewards for correct choice. The stimuli were positioned close together and the animal chose 
between the stimuli by swimming out and grabbed/smashed the end of one or other of the optical 
fibres.  
 
 
4.3 Results 
4.3.1 Spectral measurements  
Reflectance spectra were obtained from various body parts of fish and stomatopods. Some body 
parts, such as the blue tail of O. scyllarus and green on the head of Thalassoma lutescens had peak-
shaped spectra, as shown in Figure 4.1a. Other body parts, such as the uropods of O. scyllarus and 
the yellow tail of Chaetodon auriga had distinct step-shaped spectra (Fig. 4.1b) (Osorio et al., 1997, 
Marshall, 2000).  
 
4.3.2 Modelling 
For the comparison of the spectral discrimination of peak-shaped vs. step-shaped s stimuli we found 
that the spectral discrimination curves were qualitatively similar (Fig. 4.4). This was true for both 
narrowbanded sensitivities (Fig. 4.4 a) and broadbanded sensitivities (Fig. 4.4 b) While the peak-
shaped stimuli gave slightly (1-1.5 nm) better discrimination in the region between the two spectral 
sensitivities, step-shaped stimuli gave somewhat better discrimination in the shorter wavelength 
region. For the comparison between narrow and broadbanded sensitivities, we found that 
narrowbanded sensitivities gave better discrimination in the region between the two sensitivities 
than the broadbanded, while broadbanded sensitivities produced better discrimination over a 
broader range than the narrowbanded ones. This was true for both peak-shaped and step-shaped 
stimuli (Fig. 4.4 c and d).  
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Figure 4.3. Examples peak-shaped and step-shaped stimuli used in this experiment. Step-shaped stimuli were defined to 
be at a certain wavelength when the edge of the step aligned with the edge of the peak-shaped stimuli.  
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4.3.3 Behavioural experiments 
Behavioural experiments carried out using training wavelengths of 578 nm and 628 nm showed that 
the stomatopods were able to discriminate stimuli that were 50 nm and 25 nm apart, but failed to 
discriminate stimuli close to 12 nm apart (Fig. 4.5). A generalized linear mixed model with Laplace 
approximation was used to test whether the success rates were significantly different from chance 
(0.5). For animals trained to 578 nm the results were as follows: 50 nm interval, N=9, n=209, 
p<0.001. 25 nm interval, N=9, n= 312, p<0.001. 12 nm interval: N=9, n=352, p=0.594. For animals 
trained to 628 nm: 50 nm interval, N=7, n=142, p<0.001. 25 nm interval, N=7, n= 254, p <0.01. 12 
nm interval: N=7, n= 304, p= 0.422. 
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4.4 Discussion 
4.4.1 Modelling of step- vs. peak-shaped stimuli 
The results from the modelling demonstrate that using step-shaped colour stimuli in behavioural 
experiments could produce similar discrimination curves to those obtained with peak-shaped 
stimuli, but with some deviations. The importance of these deviations would likely depend on 
biological significance of the specific colours for the animal. Step-shaped stimuli generate curves 
with slightly poorer discrimination in areas between sensitivities but with slightly better 
discrimination in shorter wavelength areas than peak-shaped stimuli. The increased discrimination 
in shorter wavelengths is likely due to using a long-pass filter in these experiments, using a short-
pass filter would presumably produce inverted results with better discrimination in areas of longer 
wavelengths. Step-shaped stimuli could therefore be used as effectively as peak-shaped stimuli in 
spectral discrimination testing. It can also be argued that step-shaped stimuli are more biological 
relevant than peak-shaped, in particular in the longer wavelength part of the spectrum, which could 
again influence an animals discrimination abilities in this region (Menzel and Shmida, 1993, 
Chittka et al., 1994, Vorobyev, 1997).  
 
4.4.2 Broad vs. narrowbanded sensitivities 
Most animals have 2-4 broadbanded sensitivities (Menzel, 1979) and modelling has demonstrated 
that this number is fairly close to optimal for discriminating colours in the range between 400-700 
nm, while still maintaining good spatial resolution (Barlow, 1982, Maloney, 1986). Increasing this 
with one or two sensitivities can spread the visible range into the ultraviolet (UV), but many more 
than this could potentially generate problems regarding the signal-to-noise ratio (Van Hateren, 
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Figure 4.5: Discrimination testing of step-shaped stimuli. a) Animals trained to the cut-off wavelength of 578nm and tested against 
wavelengths 50nm, 25nm and 12nm away (against longer wavelengths) from trained wavelength.The spectral profile of the trained 
stimulus is inserted top right.  b) Animals trained to a cut-off wavelength of 628nm and tested against wavelengths 50nm, 25nm and 
12nm away (against shorter wavelengths) from trained wavelength. The spectral profile of the trained stimulus is inserted top right. 
Colours of boxes refer to the tested colour in the way they appear to the human eye. 
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1993, Osorio and Vorobyev, 2008) and would therefore not be beneficial for increasing 
discrimination. Here we showed that having narrow sensitivities theoretically increases wavelength 
discrimination in a small area between the λ-max of the sensitivities. This may be beneficial if there 
is an ecological importance for detecting small differences in reflectance at specific wavelengths, or 
if there is a lot of variation in the reflectance (Osorio and Vorobyev, 2005). The adaptive advantage 
conveyed by the stomatopod’s multiple narrowbanded spectral sensitivities is therefore somewhat 
paradoxical. Osorio et al. (1997) suggested that the stomatopods sensitivities may be beneficial to 
improve colour constancy (i.e. the ability to keep the perceived colour relatively constant under 
varying illumination) in the underwater environment. Colour constancy (without von Kries 
transformation) is dependent on the ability to separate the spectra of the illuminant and the 
reflectance to be interpreted (Maloney, 1986, Osorio et al., 1997). The processing system proposed 
by Thoen et al.  (2014, Chapter 3) and Zaidi et al. (2014, Chapter 5) would likely support such 
colour constancy, using the hemispheres as achromatic illuminant detectors, while the midband 
deals with the chromatic reflectance spectra. This information would then have to be combined at a 
later stage, and there are early indications that this may occur in the third optic neuropil, the lobula 
(see Chapter 6. 4).    
 
4.4.3 Stomatopod discrimination 
Stomatopods in this study were trained to discriminate between step-shaped stimuli in the long 
wavelength region (578 nm to 628 nm). We found that they were able to discriminate step-shaped 
stimuli that were positioned 50 nm and 25 nm away from the trained cut-off wavelength, but when 
the interval between test and trained wavelength was reduced to 12 nm they were no longer able to 
discriminate between the two stimuli. This is in accordance with previous experiments (Thoen et 
al., 2014, Chapter 3) where stomatopods were found to have surprisingly poor discrimination 
compared to other animals and modelled discrimination curves. As they demonstrate a similarly 
poor discrimination when presented with step-shaped stimuli, this study supports the idea that the 
stomatopod uses a different form of colour vision compared to other animals (Thoen et al., 2014, 
Chapter 3, Zaidi et al., 2014, Chapter 5). As the stomatopod colour vision appears to be so different 
to other animals, it would be of interest to use step-shaped stimuli to test discriminatory behaviour 
in animals with more conventional colour vision. These experiments could then be compared with 
discrimination curves previously obtained using peak-shaped stimuli. 
 
Despite their poor discrimination ability, the stomatopods were still able to discriminate between 
two step-shaped stimuli, and further experiments in other parts of the spectrum could yield valuable 
results. Due to the restricted timeline of this thesis, further experiments were not conducted. It 
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would, however, be of interest to test the stomatopods spectral discrimination using step-shaped 
stimuli around 400 nm to 450 nm. For the human eye, long-pass step-shaped spectra in this region 
appear white, as all our photoreceptors have λ-max at longer wavelengths (Smith and Pokorny, 
1972, Stockman et al., 1993), and are therefore all exited at the same time. We are therefore not 
able to easily discriminate stimuli of say 400 nm and 420 nm, as they would both appear or at least 
pale yellow/white. Stomatopods, with several narrow spectral sensitivities in the range between 
~310 nm to 450 nm (see example in figure 1.1, chapter 1), should be able to discriminate these 
types of stimuli with equal ease as those at longer wavelengths. Experiments in this range would 
hopefully help to determine whether stomatopods use their whole range of narrowbanded spectral 
sensitivities to discriminate chromatic signals.  
 
4.4.4 Summary and conclusions 
Using step-shaped spectra in spectral discrimination experiments produces a similar theoretical 
spectral discrimination curve to one obtained with peak-shaped spectra, with only slightly poorer 
discrimination (1-1.5 nm). Stimuli that are more similar to natural spectra may provide different 
results than peak-shaped stimuli and should therefore be used to compliment peak-shaped stimuli 
when testing spectral discrimination. Stomatopods were able to discriminate step-shaped stimuli at 
a similar level to peak-shaped stimuli, but showed poor discrimination in both, likely due to their 
use of a different form of colour vision.   
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Abstract. Mantis shrimp and primates both possess good color vision, but the neural implementation 
in the two species is very different, a reflection of the largely unrelated evolutionary lineages of these 
creatures. Mantis shrimp have scanning compound eyes with 12 classes of photoreceptors, and have 
evolved a system to decode color information at the front-end of the sensory stream. Primates have 
image-focusing eyes with three classes of cones, and decode color further along the visual-processing 
hierarchy. Despite these differences, we report a fascinating parallel between the computational 
strategies at the color-decoding stage in the brains of stomatopods and primates. Both species appear 
to use narrowly tuned cells that support interval decoding color identification.
Keywords: mantis shrimp, primate color vision, color decoding, tuning curves, winner-take-all, photoreceptors, 
IT cortex.
In the second half of the 19th century, James Clerk Maxwell showed that people make color matches 
by equating light absorbed in each of three photoreceptor classes. Maxwell’s results supported the 
idea that color is represented in the human brain by a linear three-dimensional (3-D) space in which 
distinct points correspond to different colors, while each point (color) within this space corresponds to 
an almost infinite number of physically distinct lights (metamers). For example, the single-wavelength 
yellow of the rainbow is indistinguishable from an appropriate mixture of wavelengths that sepa-
rately appear red and green—both stimuli cause the same relative activation of the three cone types. 
 Maxwell’s discovery pointed to the critical role that neural comparison of photoreceptor outputs plays 
in determining what colors we see.
When Cronin and Marshall (1989) reported that mantis shrimp, a predatory stomatopod crustacean, 
has 12 classes of narrowly tuned photoreceptors (Figure 1A), three in the ultra-violet range and nine 
covering the 400–700-nm spectrum, the scientific imagination ran wild: do they have a 12-dimensional 
(12-D) color space, so that they distinguish colors we confuse, and see colors we cannot even imagine? 
Such conjectures were restrained by the concern that their small brains could be overloaded by color 
computations in a 12-D space. Behavioral experiments by Thoen, How, Chiou, and Marshall (2014) 
have since shown that mantis shrimp are in fact poor at discriminating colors that humans see as dis-
tinct. The results suggested that the 12 classes of photoreceptors function independently, and their out-
puts are not compared by later neurons. So it has been concluded that mantis shrimp have a color system 
unlike humans, or possibly any other creature. The requirements of rapid hunting decisions and a small 
brain, could have led mantis shrimp to evolve 12 narrow-tuned color receptors at the front end of the 
visual system: presumably the photoreceptors feed a fast, hard-wired, interval-decoding computation, 
where perceived color corresponds to the peak sensitivity of the most responsive photoreceptor. Such 
hard-wiring is typical of many invertebrate sensory systems where behavioral tasks are “matched” to 
the environmental parameters that drive the task.
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The eyes and photoreceptors of mantis shrimp and humans are clearly different, but are the neural 
strategies used to compute color that different? On the basis of physiological and anatomical research 
in macaque monkeys, a trichromat with color vision very similar to humans (Stoughton, Lafer-Sousa, 
Gagin, & Conway, 2012), we have reason to believe that the computations carried out by the color-
vision systems in humans and mantis shrimp are more similar than they first appear. Although color 
in trichromatic primates is encoded using three (not 12) classes of broadly tuned photoreceptors, pri-
mates have much larger brains than shrimp: neural circuits compare cone responses within the retina 
(Sun, Smithson, Zaidi, & Lee 2006), and the neural circuits responsible for color perception are linked 
across several different cortical regions (Conway, 2014). In inferior temporal cortex (IT), several steps 
downstream of the cones, the cells are remarkably color specific (Komatsu, Ideura, Kaji, & Yamane, 
1992), as shown for a sample of IT neurons in Figure 1B (Conway, Moeller, & Tsao, 2007). Some 
cells respond only to red, others to reddish blue, bluish red, violet, and so on. In their specificity, the 
color preferences of these cells are strikingly similar to the color specificity of the mantis shrimp pho-
toreceptors, suggesting that the 400 million year old color processing system in stomatopods and the 
40 million year old primate system could ultimately use a similar strategy at the decoding stage.
To test this idea, we used simulations to determine the extent to which primates could use nar-
rowly tuned IT cells for an interval-color-decoding strategy similar to the one that is postulated to 
operate in the mantis shrimp. The strategy hypothesizes that the decoded color of a stimulus corre-
sponds to the color preference of the IT neuron that produced the highest firing to the stimulus. In for-
mal terms, this approach couples interval coding with a winner-take-all decision rule. For each of 279 
posterior IT “glob” cells, based on responses to brief presentations of 45 colors measured with single-
unit recording (Conway et al., 2007), we simulated a model cell with the same color-tuning. Firing 
rates for each stimulus color were generated by a Poisson distribution with mean and variance equal 
to the mean firing rate of the measured cell. So in every trial, the simulated response varied around the 
color-tuning by an amount chosen at random from the Poisson distribution. Each frame of the movie 
in Figure 2 (left—movie can be found at http://i-perception.perceptionweb.com/journal/I/volume/5/
article/i0662sas) shows the simulated responses of the whole population to each color stimulus. The 
cells have been sorted along the x-axis according to their color preferences: cells tuned to red are on 
the left, followed rightwards by cells tuned to orange, yellow and so on around the color circle. The 
stimulus is depicted by the red symbol, and the decoded color is simply the color preference of the 
cell with the maximum firing rate. For the first trial, the cell with the maximum firing is tuned to the 
stimulus color, showing that the simple decoding strategy worked. As the simulated stimulus changes 
from 1 to 45, even with this meager number of cells and stimuli, the population supports fairly accu-
rate interval decoding of color. Since each cortical neuron receives thousands of synapses, and color 
cells are organized into local columns of similarly color-tuned cells, it may be unrealistic to restrict the 
decision to a single neuron’s response. So we used the average of the responses of all cells with the 
same preferred color, and found that the decoding accuracy improved markedly (Figure 2—right). The 
success of interval decoding presents a physiologically realistic and computationally efficient alterna-
tive to color theories based on unique hues (De Valois & De Valois, 1993) that have no physiological 
support.  Interval decoding is also compatible with the results of the only color micro-stimulation 
experiment done on humans (Murphey, Yoshor, & Beauchamp, 2008).
Figure 1. Color tuning of (A) mantis shrimp photoreceptors, and (B) of a few neurons in macaque inferior 
temporal cortex.
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It is intriguing to consider whether winner-take-all with IT cells represents a hard-wired approxi-
mation of optimal Bayesian decoding of the population of responses. If the neurons in the population 
have independent variability, then the population response probability will be the product of the 
Poisson probability of all the neurons. Applying Bayes’ rule to get the probability of decoding a stimu-
lus color given a pattern of population responses, leads to an expression for decoding that contains 
a term that represents multiplication of tuning curves raised by the number of spikes, and is the only 
term that depends on the pattern of responses on a trial. A cell that only fires if it gets spikes from two 
cells within a short time interval, will only fire for stimuli for which the tuning curves of the earlier 
cells overlap, i.e. the output tuning curve will look like a multiplication of the input tuning curves. 
Similarly, a cell that only fires if it receives a defined number of input spikes in a short interval, will 
have a tuning curve that looks like the input tuning curve raised to the power of the number of spikes 
(Sanger, 1998). These operations will approximate the response-dependent term in Bayesian decod-
ing, and performed on broadly tuned outputs from antecedent stages of processing will generate nar-
rower tuning, consistent with empirical observations in IT. Interval decoding would therefore provide 
rapid color identification because no further computations would be required on the outputs of IT 
neurons. Since IT cortex has millions of color-tuned cells, they can sample the spectrum much more 
finely than the 12 mantis shrimp photoreceptors, so interval decoding could simultaneously provide 
much better color identification and discrimination compared to mantis shrimp, resolving the paradox 
that mantis shrimp have poorer color vision than humans despite having more photoreceptor classes.
In mantis shrimp, the cost of early functional specialization in the compound eye, and the sub-
division of tasks to different eye areas (Cronin & Marshall, 1989), requires that the animal scan the 
scene to generate a representation of its visual world (Land, Marshall, Brownless, & Cronin, 1990). 
The primate eye is fundamentally different from the shrimp, like a digital camera it possesses a sin-
gle focusing apparatus for a dense array of photoreceptors. Using just three classes of broadly tuned 
cone photoreceptors, the primate visual system is able to distinguish the spectra of natural lights and 
objects sufficiently (Barlow, 1982), while maintaining good spatial resolution, and providing the 
means to identify objects by their colors despite variations in ambient lights and surrounding scenes 
(Zaidi, 1998, 2001). More classes of photoreceptors would improve the sampling of natural spectra 
(Nascimento, Foster, & Amano, 2005), but would seriously compromise spatial resolution. Generating 
narrow color tuning in functionally specialized cortical regions affords rapid interval decoding without 
losing these features.
Despite tremendous differences in human versus mantis shrimp eye structure and brain circuitry, 
the striking similarity between the color sensitivities of primate IT neurons and stomatopod photore-
ceptors provides evidence of a common computational strategy across largely unrelated species. Inter-
val decoding of color is an interesting example of independent evolutionary histories converging on 
Figure 2. Stills of movies that can be found at http://i-perception.perceptionweb.com/journal/I/volume/5/article/
i0662sas. (Left) In the movie each frame shows Poisson responses of 279 IT neurons (black stars) elicited by a 
stimulus color (red circle) on one trial, plotted versus the mode of the tuning curve of each cell. The stimulus color 
progresses on each frame representing an independent trial. At the end of the 45-color cycle, blue circles plot the 
decoded color (the preferred color of the cell that fired maximally on that trial) against the stimulus color. The 
simulations are repeated five times to demonstrate the variability in probabilistic decoding. (Right) In the movie 
the black stars now give the average response of all the cells preferentially tuned to the color on the x-axis. The 
decoding is considerably more accurate.
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the same robust computational principle, and may thus be worth emulating by machine vision systems 
designed to function in the real word.
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6 Chapter 6. Stomatopod visual neuroanatomy 
 
Abstract: 
While the stomatopods complex retinal structures have been studied intensively in the last two 
decades, few studies have investigated the visual neural architecture that process the abundance of 
visual information obtained by the retina. Previously Schiff, Strausfeld and Nässel have described 
some of the general features of stomatopod optic neuropils and made some comparisons to other 
arthropods (Strausfeld and Nässel, 1981, Schiff et al., 1986, 1987). A few studies have described 
properties of the photoreceptor projections to the first optic neuropil, the lamina (Kleinlogel et al., 
2003, 2005), but detailed investigations of the other optic lobes (the medulla and lobula) have not 
been carried out. This study examines the general morphology of the optic lobes, the optic pathways 
from the midband and the hemispheres through the optic lobes and detailed structures of single 
neuronal types within these lobes. The lamina appears similar in organisation to other crustaceans 
investigated, and no particular specializations have been found in the cells of the lamina midband 
region. The stomatopod medulla on the other hand is highly stratified compared to other 
crustaceans, divided into a total of 12 main layers, while the midband projections are visible as a 
distinct swelling on the distal side of the medulla. Neurons in this medulla midband lobe appear to 
stay segregated from the hemispheral parts of the medulla, and contain distinct Y-shaped neurons. 
Midband projections are still visible in the lobula, where they appear to form lateral collaterals that 
project into the hemispheral parts of the lobula, possibly establishing a form of chromatic and 
achromatic channel mixing? Optic glomeruli of different sizes are found in the lateral 
protocerebrum, with a large number of these clustered in a distinct region termed the glomeruli 
complex, which receives projections from the lobula. The hemiellipsoid body is another neuropil in 
the lateral protocerebrum which is involved in processing olfactory input, but which possibly 
receive lobula projections as well. Finally, the stomatopod central complex appears elaborate with a 
prominent protocerebral bridge, a central body divided into two parts and two possible noduli, 
giving it a close resemblance to the insect central complex. 
 
General introduction neuroanatomy:  
The previous chapters have outlined the intricate retinal structures of the stomatopod eye, evaluated 
the stomatopods spectral discrimination and proposed hypotheses on how the stomatopod may 
process the array of visual information it receives. But as we know very little about the actual neural 
architecture underlying the complex stomatopod retina, it is difficult to make any exact predictions 
of how and where this processing would take place.  Previous studies have determined that the optic 
lobes of the stomatopods follow the general crustacean outline of three main visual neuropils 
termed the lamina, medulla and lobula (Strausfeld and Nässel, 1981, Schiff et al., 1986, 1987, 
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Kleinlogel et al., 2003, Kleinlogel and Marshall, 2005). Kleinlogel et al. (2003) found that the 
division of the retina into a midband and two hemispheres is visible through the three first optic 
lobes, with the midband areas discernable as distinct equatorial swellings. Kleinlogel and Marshall 
(2005) established that the photoreceptor axons in stomatopods follow the same general retinotopic 
projection pattern as in other crustaceans with axons from the seven short visual fibres (svfs) 
formed by retinula cells 1-7 (R1-R7) terminating in two distinct strata in the lamina. This means 
that in the midband region axons from R1, R4 and R 5 (forming the distal photoreceptor) terminates 
in the distal lamina stratum (epl1) while the proximal photoreceptor tier consisting of R2, R3, R6 
and R7 terminate in the proximal lamina stratum (epl2). Axons from retinula cell number 8, the R8 
(termed the long visual fibres, lvfs) project through both lamina stratums and terminate in the distal 
layers of the medulla. Schiff et al. (1986, 1987) together with Strausfeld and Nässel (Strausfeld and 
Nässel, 1981) carried out some investigations into visual neural architecture of the Squilla mantis, 
which have a reduced midband, but no further investigations have been performed on the visual 
neural architecture of stomatopods with a 6-row midband.  In addition, a few studies have been 
carried out investigating the neuroanatomy of the olfactory pathways in stomatopods. Derby et al. 
(2003) described the peripheral and central antennular pathway in Neogonodactylus oerstedii and 
presented some general descriptions of the central brain of this species. Sullivan and Beltz (2004) 
investigated the hemiellipsoid bodies and olfactory pathways of Gonodactylus bredini using 
injections of fluorescent dyes into the olfactory lobes. 
 
This study was carried out to increase our knowledge about the layout of the optic neuropils and the 
central brain of stomatopods, and also to investigate the various optic pathways through the 
neuropils. Furthermore we wanted to examine the neuronal types found in the different neuropils to 
investigate potential chromatic and polarization processing cells and any connections of these to the 
hemispheral neuropil regions.  
 
The following chapter describes our findings of the stomatopod neuronal architecture from the first 
visual neuropil (the lamina) to the central brain. For simplification, the chapter has been divided 
into four subchapters (Chapters 6.2 to 6.4) based on each of the three first neuropils (the lamina, the 
medulla and lobula/ lateral protocerebrum) and the central brain (Chapter 6.5). As the techniques 
used to investigate these structures were similar, a separate materials and methods chapter (Chapter 
6.1) was added to avoid repetition.  
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6.1 Materials and methods - neuroanatomy  
 
For the following four sub-chapters on the neuroanatomy of the stomatopod visual systems a 
variety of methods were employed to visualise the numerous structures and neuronal types. As 
similar extensive procedures were used in the four neuroanatomy chapters, the materials and 
methods are presented here as a separate sub-chapter. Methods that were tested but which did not 
produce any useful results have also been included at the end of the chapter, with some comments 
on possible reasons why they were not successful. 
 
Terminology: 
Traditionally the first three optic lobes in decapod crustaceans have been called lamina, medulla 
externa and medulla interna. Here we use the terms lamina, medulla and lobula to conform with the 
homologues structures in insects (Strausfeld and Nässel, 1981, Harzsch, 2002, Sinakevitch et al., 
2003). Another term we have adopted is the naming of the elevated equatorial region of the 
midband projections, which is evident in the lamina, medulla and lobula. Previously these structures 
have been termed accessory lobes (i.e. lamina accessory lobe etc.) but to avoid confusion with the 
unrelated structures lateral accessory lobes in the brain of insects (Strausfeld, 2009b) and the 
accessory medulla in the locust (El Jundi et al., 2009) we have chosen to call these distinct regions 
for midband lobes (i.e. lamina midband lobe, medulla midband lobe etc.). 
 
Animals:  
Stomatopods used in this study were collected either at Lizard Island research station, Australia 
(GBRMPA Permit no. G12/35005.1, Fisheries Act no. 140763) or in the Florida Keys, USA. 
Species used included: Neogonodactylus oerstedii, Haptosquilla trispinosa, Haptosquilla 
glyptocerus, Gonodactylus smithii and Pseudosquilla ciliata. Animals were either processed in the 
field or brought back to our aquarium at the University of Queensland where they were kept in 
artificial seawater (Aquasonic, Wauchope, Australia), in a 12h dark-light cycle using artificial 
lighting enhanced with UV to make it as close to natural as possible.  
 
6.1.1 Immunohistochemistry 
 
Labelling of synapsin, f-actin and cell nuclei 
Three types of antibodies were used to visualise structures in the stomatopod brain and optical 
neuropils. A monoclonal antibody against synapsin I, a protein associated with synaptic vesicles in 
Drosophila, was used to label the visual neuropils. F-actin in dendritic spines and muscle tissue was 
visualised using fluorescently labelled phalloidin. Finally, cell nuclei were labelled using a blue-
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fluorescent DNA stain (DAPI, Molecular Probes D1306). Procedure: Animals were killed by 
decapitation and small slits were cut along the cornea to allow fixative (4% paraformaldehyde in 
0.1M PBS, pH 7.4) to penetrate. The eyes were left in fixative in 4°C for 2 hours before the eyestalk 
(containing the optical neuropils) and retina were dissected from the cuticle and left in fix overnight 
at 4°C. The eyes were then washed in 0.1M PBS for 3 x 10 min before they were embedded in 5% 
LMP agarose (LMP, A9414, Sigma Aldrich) and sectioned at 150 µm in 0.1M PBS using a Leica 
vibrating microtome. Sections were then washed in 0.1M PBS with 0.2% Triton X-100 for 2 x 10 
min before they were pre - incubated in 0.1M PBS with 0.2% Triton X-100 and 2% Normal Goat 
Serum (NGS, Life-Technologies, 50-062Z) for one hour at room temperature.  To label neuronal f-
actin sections were incubated in 0.2 units of Alexa Fluor Phalloidin (Molecular probes, A12379), in 
500µl 0.1M PBS with 0.2% Triton X-100 and 2% NGS together with SYNORF1, a monoclonal 
antibody against synapsin (1:100, kindly provided by E. Buchner, University of Wurzburg, 
Germany), for 3 days at 4°C. The sections were then rinsed 5x10min in 0.1M PBS before they were 
incubated in Alexa Fluor 647 goat anti-mouse (1-250, Molecular Probes, A21236) in 0.1M PBS 
with 1% NGS for 2 hours at room temperature. After another 2x10 min rinses with 0.1M PBS the 
sections were incubated in 300 µM DAPI (Molecular probes, D1306) in 500µl PBS for 5 minutes. 
The tissue was washed in 0.1M PBS for 10 min before being cleared in Scaleview clearing agent 
(Olympus, Scaleview A2 (Hama et al., 2011)) or in 80% glycerol overnight. Sections were then 
mounted on slides in either a fluorescent mounting medium (DAKO, S3023) or 80% glycerol.  
 
Labelling of serotonin 
To locate serotonin-like immunoreactive neurons in the stomatopods neuropil dissections, fixation 
and sectioning was carried out according to the same procedure as the synapsin/phalloidin/DAPI 
labelling. Sections were then treated with 0.2% Triton X-100 in 0.1M PBS for 2 x 10 min before 
being incubated with a primary antibody against serotonin (5-HT, Immunostar) in a 1:1000 dilution 
with 0.1M PBS, 0.2% Triton X-100 and 2% NGS. The sections were incubated for 2 days at 4°C 
before being rinsed with 0.2% Triton X-100 in 0.1M PBS (3x10min) and incubated in Alexa Fluor 
568 anti-rabbit with 0.2% Triton X-100 and 2% NGS in 0.1M PBS overnight at 4°C. The sections 
were then rinsed in PBS (3x10min), before being counterstained with DAPI. 
6.1.2 Silver stains 
 
Bodian staining 
Reduced silver staining were performed using Bodian's original method (Bodian, 1936). Briefly, 
brains and optic lobes were fixed in AAF fixative (80mL 96% ethanol, 5mL glacial acetic acid, 
15mL 37% formaldehyde), dehydrated using an ascending ethanol series, cleared in terpineol and 
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embedded in Paraplast Plus (Sherwood Medical, St Louis, MO). Sections were cut at 12 µm using a 
rotary microtome and mounted on slides using albumin before being deparaffinised, rehydrated and 
incubated in Protargol (Roques, Paris, France) solution (2.5g Protargol in 250mL of double-distilled 
water with 5 g copper) overnight at 60°C. Sections were then briefly washed in distilled water and 
processed through 1% hydroquinone and 5% sodium sulphite solution for 5 minutes, 1 % gold 
chloride solution for 9 minutes, 2% oxalic acid for 5 minutes and sodium thiosulfate for 5 minutes, 
before being dehydrated and coverslipped using Entellan (Merck, Darmstadt, Germany).  
 
Golgi impregnations 
Golgi impregnations were carried out using a variation of the mixed Colonnier-rapid technique (Li 
and Strausfeld, 1997).  Stomatopods were anesthetised on ice and their raptorial appendages, 
antennas and antennal scales were removed. Slits were cut along the edge of the cornea, down the 
side of the eyestalk and along the scales covering the brain before the animal was decapitated and 
the head and eyes were placed in cold (4°C) chromation solution containing 2.5% potassium 
dichromate with 12% sucrose for 30 minutes. The retina, optic lobes and brain were then dissected 
out from the cornea, cuticle and muscle tissue and placed in fresh cold chromation solution 
containing 5 parts 2.5% potassium dichromate, 1 part 25% glutaraldehyde and 12% sucrose for 4 
days. After this the tissue were swirled several times in fresh 2.5% potassium dichromate before 
being placed in a solution of 99 parts 2.5% potassium dichromate to 1 part 1% osmium tetroxide  
(in 4°C). After 3 days the tissue were rinsed briefly in distilled water and immersed in 0.75% silver 
nitrate for another 3 days. Double impregnations were performed by repeating the osmium and 
silver nitrate steps, but at only 24 hours for each step. After the final impregnation of silver, the 
tissue were dehydrated, embedded in Durcupan (Sigma   44610 Fluka) and sectioned at 40 µm 
using a sliding microtome.  
 
Double staining of Golgi impregnated tissue using immunofluorescence 
To better visualise where in the tissue the Golgi impregnated neurons were positioned, 
counterstaining with anti-synapsin and DAPI were attempted.  Golgi impregnations were performed 
according to the method described above up until the dehydration steps. After the final silver 
impregnations, the tissue was rinsed briefly in distilled water before being embedded into 5% LMP 
agarose. Sections were made at 150 µm and rinsed in 0.1M PBS. They were then incubated with an 
antibody against synapsin (SYNORF1 1:100) in 500µl 0.1M PBS with 0.2% Triton X-100 and 2% 
NGS for 3 days at 4°C. After the incubation the sections were washed in 0.1M PBS for 2 x 10 min 
before being incubated with Alexa Fluor 647 goat anti-mouse in in 0.1M PBS with 1% NGS for 2 
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hours in room temperature. Sections were then washed for 2 x 10 min with 0.1M PBS before being 
incubated in DAPI for 10 minutes, washed, and mounted on slides in 80% glycerol.   
 
6.1.3 Fluorescent dye insertions 
 
Mass fills using fluorescent dye-dextran conjugates 
Anterograde tract tracing (Ehmer and Gronenberg, 2002) was used to investigate the optic pathway 
from the retina through the lamina, the medulla and the lobula. They were also used to visualise the 
connections between the lateral protocerebrum and the central brain. Due to the rapid solubility of 
the dextran conjugated crystals and the haemolymph leaking from the stomatopod tissue, it was 
necessary to use a method similar to the one described in Utting et al. (2000). Briefly, a small 
amount of crystals of dextran conjugated with Texas red (D-3328) or Fluorescein (D-3306 
Molecular probes, Life Technologies) were placed on a glass slide. The glass slide was then placed 
on top of a cube of ice to allow for some condensation to build up on the slide and the dextran to 
dissolve giving it a paste-like consistency. Using the tip of glass microelectrode the dextran paste 
was twisted around until it made a small droplet on the tip of the electrode, which was then allowed 
to dry. Animals were anesthetised on ice and a small piece of either the eyestalk or the cornea was 
removed. Glass electrodes with the droplet of dextran were then inserted into either the retina or the 
optic lobes and kept in place for about 30 seconds to allow it to slowly dissolve. The area was then 
covered using superglue and the animal was placed back in saltwater for 3-6 hours. After this the 
animal was anaesthetised on ice and decapitated, the eyes and brain were opened up and placed in 
cold fixative (4% paraformaldehyde) overnight. The next day the tissue was dissected out of the 
remaining cuticle, rinsed several times in 0.1M PBS and embedded in 5% agarose (LMP, A9414, 
Sigma Aldrich).  Sections were cut at 100- 150 µm using a vibrating microtome, mounted and 
coverslipped using 80% glycerol.  
6.1.4 Imaging and reconstructions 
 
Imaging of silver stains: 
The Bodian stained and Golgi impregnated tissue were imaged using an Axio Imager microscope 
(Zeiss), using a 10x (0.3) air objective, a 20x (0.8) air objective a 63x (1.4) oil immersion objective 
or a 100x (1.3) oil immersion objective.  Image tiles were captured and stitched using the Zeiss blue 
software at 1388 x 1040 pixel resolution at 1 µm increments. Image stacks were then automatically 
reconstructed in the z-plane using Helicon Focus software (Helicon Soft, Kharkov, Ukraine). 
Finally, brightness and contrast of the images were adjusted using Adobe Photoshop CS3.   
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Laser scanning confocal microscopy: 
Sections treated with antibodies against synapsin, f-actin, DAPI and serotonin were imaged using a 
LSM 510 Meta upright scanning laser confocal microscope (Leica, Leica Microsystems, Wetzlar, 
Germany) with a 10x (0.3) and a 20x (0.8) objective using a HeNe 633 nm laser to detect Alexa 
647, an argon laser (488 nm) for the 488 phalloidin and a blue laser diode (405 nm) for detecting 
DAPI.  Sections were scanned with 1024x1024 pixels per stack in x-y direction and in 2-µm step 
size in z-direction. Image stacks of the visual neuropils were processed using the open source 
software Fiji(Schindelin et al., 2012), using the Stitching plugin to stich the tiles and the brightness 
tool to adjust the brightness and contrast. Maximum projection images were made using the z-
project plugin. 
 
Sections containing mass filled neurons were imaged using either the LSM 510 confocal 
microscope mentioned above or the LSM 710 inverted point-scanning laser confocal microscope 
(ARC LIEF grant no. LE130100078) with the 20x (0.8) air objective or 63x (1.4) oil immersion 
objective at 1024x1024 resolution and 0.5-1 µm depth.  
 
3D-reconstructions 
Image stacks of the various brain structures were aligned and segmented using the TrakEM-2 plugin 
in Fiji (Schindelin et al., 2012). Each structure was manually traced and visualised using the 3D-
viewer. These reconstructions were performed both on Bodian stained tissue (at 12um z-depth) and 
on synapsin stained tissue imaged with the confocal microscope (at 10um z-depth).   
 
Camera Lucida 
Camera Lucida-like drawings were made of the Golgi impregnated single neurons to visualise and 
categorise the different neuronal types. This was carried out in a few ways, either by using the 
curves tool in Adobe Photoshop CS3 to increase the contrast in the images that had previously been 
reconstructed in the Helicon software. The images were then opened in Adobe Illustrator CS3 and 
using the Live Trace tool a black and white drawing of the imaged neuron was obtained. If there 
were too many artefacts or confounding articles in the images the neurons were traced manually 
using the brush tool in Adobe Illustrator while also checking the image stack to confirm 
connections. Standard Camera Lucida drawings using a drawing tube and manually outlining the 
neurons were also used.  
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Confocal imaging of Golgi impregnated neurons 
Confocal reconstructions of the Golgi impregnated neurons were made according to the method of 
Spiga et al (2011) using an upright Zeiss LSM 510 confocal microscope with a 20x (0.8) air or 63x 
(1.4) oil immersion objective. By replacing the dichroic filter with a 30/70-beam splitter and using 
the reflected light from the Argon 488 laser, confocal image stacks could be obtained.  Z- stacks 
were made using images of 2048 x 2048 pixel resolution at 8-bit colour depth at 1-µm increments. 
For sections counterstained with anti-synapsin and DAPI the Golgi impregnated neurons were 
imaged as a separate channel. Maximum projection images and depth correlated colour images were 
made using respectively the z-project function and the temporal colour code function plugin in Fiji 
(Schindelin et al., 2012).  
6.1.5 Methods that have been tested but still needs improvement 
 
Photopermeabilisation and photodegeneration experiments  
Attempts were made to employ the method of using photodynamic damage by extrinsic fluorescent 
dyes to trigger neuronal degeneration and cell permeabilisation, suggested by Picaud et al.(1988, 
1990). This could then be used to induce uptake in only a few or specific types of photoreceptors.  
Experimental procedure: Stomatopods were anaesthetised on ice, decapitated and the eyes and 
eyestalks were cut off. The cuticle surrounding the optic nerve and the bottom part of the eye stalk 
was carefully dissected off and each eye was placed in a small droplet of 0.5% of the fluorescent 
dye Sulforhodamine 101 (SR101) (S-359 Molecular Probes, Life Technologies) in the bottom of a 
0.5 ml Eppendorf tube so the optic nerve was exposed to the dye. Two different techniques were 
then used: 
i) Using a halogen light source, and a 10-µm optic fibre, white light was positioned in front of the 
eye using a small amount of blue tack so that only a small part of the retina was illuminated. The 
illumination was continued for ~30 minutes before the eye was removed from the SR101, briefly 
washed in 0.1M PBS and placed in a solution of 1% Lucifer Yellow  (L-453, Molecular Probes, 
Life Technologies) for 10 minutes. The eye was then briefly washed in 0.1M PBS before being 
fixed overnight in 4% paraformaldehyde. After fixation the eye was embedded in 5% agarose, 
sectioned at 150 µm and mounted on slides in 80% glycerol.  
ii) Using a halogen light source and monochromatic filters, monochromatic light of 20 nm half 
width was produced. Due to the sharp spectral sensitivities in the stomatopod retina, a 
monochromatic light should allow uptake in only one or a few of the midband photoreceptors, while 
the other chromatic and achromatic photoreceptors should remain unpermeabilised. The eye with 
the eyestalk immersed in 0.5% SR101 was then illuminated with the monochromatic stimulus for ~ 
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30 minutes before being washed in 0.1M PBS, placed in 1% solution of Lucifer Yellow and 
processed in the same way as described above.  
 
Unfortunately neither of the two methods gave satisfactory results. In method i) there appeared to 
only be uptake of the SR101 in parts of the retina when inspecting the whole eye (Fig. 6.1.1) but 
there were no signs of uptake in the nervous tissue or the retina. The dye had penetrated into the 
extracellular space, as there were a lot of background staining and uptake in the haemolymph 
circulatory system, but there did not appear to be any penetration into specific photoreceptors or 
neurons. Modifications in illumination time and dye concentration were attempted but without any 
change in the final result.  One reason the experiment did not work could be that in Picaud (1988, 
1990) they inserted a very small amount (100nl) of SR101 into a slit in the retina, meaning that the 
dye was very close to the actual photoreceptors when they were illuminated. This was attempted, 
but the right tools were not available at the time to produce such a small amount, so we instead tried 
uptake through the stalk. Future attempts may include cutting off more of the stalk and/or injecting 
into the retina itself.  
 
Activation of the mitochondrial dye DASPEI 
Similar activity experiments to the ones described above were also attempted using DASPEI (2-(4-
dimethylaminostyryl)-N-ethylpyridinium iodide (D-426 Molecular probes, Life Technologies), a 
Figure 6.1.1 Methods that need improvement. a) Photodegeneration experiment: SR101 dye uptake in a small region of the eye (arrow). b) and c) 
examples of photodegeneration experiments where the Lucifer Yellow have filled the circulatory system and a few cell bodies, but no axonal 
fillings were observed. d) Insertion of a DIL crystal  (arrow) into the medulla in a tissue section and spreading from the medulla into the lobula. e) 
Higher magnification view of the spreading from d) into the lobula. f) DIL crystal inserted into retina in a whole fixed eye which has spread 
through all the optic lobes. f) Examples of insertion sites into the midband and the hemisphere. Scale bars: e) 50µm, b) and c) 100µm, d) and f) 
200µm 
a)
g)d) e) f)
b) c)
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mitochondrial styryl dye that has been used as a selective vital marker of sensory terminals and cells 
in both vertebrates and invertebrates (Leise, 1996, Boudko et al., 1999, Grant et al., 2005). Using 
the same two setups as described above the dye was tested with varying concentrations and 
illumination periods. There appeared to be uptake in the nervous tissue and photoreceptors, but one 
issue was that this uptake appeared everywhere, not only in the areas which has been illuminated, or 
in the photoreceptors with the appropriate sensitivities to the monochromatic light stimulus. As 
discussed above, smaller amounts of dye and injection into the retina may alleviate some of these 
problems.   
 
Iontophoresis of Lucifer yellow into nervous tissue 
Another way of visualising single or a few neurons is to inject a fluorescent dye using a weak 
electric current in a process called iontophoresis. Procedure:  Animals were anaesthetised on ice 
and decapitated, small slits were cut in the cornea and the eyes were placed in a light fix (2% 
paraformaldehyde) for 2-3 hours. Lucifer Yellow (CH) (Molecular probes, Life Technologies) 
dissolved in 2% lithium chloride were injected into a small opening in the retina or into the optic 
lobe using a hyperpolarising current (20nA) for 10 minutes to 60 minutes. The eye were then 
dissected out and fixed overnight in 4% paraformaldehyde at 4C. The eyes were then dehydrated 
and embedded in Spurr's resin before being sectioned at 40 µm and coverslipped. This technique 
has been used successfully in stomatopods earlier in combination with intracellular recordings 
(Kleinlogel and Marshall, 2006). Although it was not successful in these particular experiments, 
with Lucifer Yellow essentially spreading everywhere in the tissue and not into specific neurons, 
the likelihood for getting this procedure to work with a few modifications is high. New experiments 
are therefore planned.  
 
Cobalt injections 
Injection of cobalt chloride into nervous tissue is another procedure previously used in invertebrates 
to fill a few types or numbers of neurons (Strausfeld and Hausen, 1977, Davis, 1982). Procedure: 
Animals were anaesthetised on ice and decapitated. The optic nerve was dissected out and placed in 
distilled water for a few minutes before being placed in a drop of 200 mM cobalt chloride (232696 
Sigma Aldrich) kept separated from the rest of the eye using a small ring of blue tack. The rest of 
the eye was immersed in artificial seawater and stored at 4°C overnight. The preparation was then 
washed for 10 minutes in changes of seawater to remove excess cobalt chloride before being fixed 
in acetic acid : ethanol (1:4) for 10 minutes. The optic lobes were then dissected out and 
precipitated with ammonium sulphide (3 drops in 20 ml of seawater) for 15 minutes before being 
washed several times in artificial seawater. Silver intensification were then carried out using the 
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method of Bacon and Altman (1977), the tissue was dehydrated through an ascending alcohol series 
and cleared in methyl salicylate. Another variation of this procedure was to inject the cobalt into the 
optic lobes through blunt microelectrodes, which was then allowed to diffuse for about 30 minutes 
before treating the tissue as described above.  Some dark staining was observed in the technique 
involving immersion of the optic nerve, but the staining appeared diffuse and did not penetrate very 
far. Longer injection times with the blunt microelectrodes into specific areas of interest may 
improve the methodology.  
 
 
Insertions of lipophilic dyes into nervous tissue 
Crystals of the lipophilic dyes DIL and DIO (Molecular Probes, Life Technologies) were inserted 
into either whole eyes fixed in 4% or 2% paraformaldehyde, or into sections of fixed tissue (Mobbs 
et al., 2008). The tissue with the inserted crystals was returned to the fixative and placed in the dark 
at either 4°C, or 37°C for 1-2 weeks. The process of dye spreading was closely monitored using an 
Olympus SZX10 microscope with the appropriate fluorescent filter sets. Although both dyes spread 
through the nervous tissue, the spread was very diffuse and eventually covered the whole nervous 
tissue making it hard to make any predictions about specific nervous pathways. Smaller crystals, 
shorter incubation times and more specified areas (such as the hemiellipsoid body) might facilitate 
better results. Using iontophoresis (Sullivan and Beltz, 2001a) may also improve the specificity of 
the injection site and transport time of the dye.  
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6.2 The neural organisation of the stomatopod lamina 
6.2.1 Introduction 
 
First optic neuropil 
The lamina ganglionaris is the first optic neuropil in the visual processing system in arthropods and 
is also the best studied of the optic neuropils, especially in crustacea (Hamori and Horridge, 1966, 
Nässel, 1975, Nässel, 1977, Stowe et al., 1977, Strausfeld and Nässel, 1981, Sztarker et al., 2009) . 
The stomatopod neural architecture has been investigated in a few studies (Kleinlogel et al., 2003, 
Kleinlogel and Marshall, 2005), which mainly focused on the projection pattern from the 
photoreceptors to the lamina, and did not investigate the lamina connection patterns any further. A 
few studies have also focused on photoreceptor and projection patterns of the stomatopod species 
Squilla mantis (Schönenberger, 1977, Schiff et al., 1986), which has a reduced midband and does 
not possess the same diversity of receptors found in the superfamilies Pseudosquilloidea, 
Hemisquilloidea, Gonodactyloidea, Lysiosquilloidea (Marshall et al., 2007, Porter et al., 2010).  
The lamina cartridge is made up of the photoreceptor axons and terminals from the R1-8 cells of 
one ommatidium and other neuronal elements such as the monopolar cells (relay cells). The 
monopolar cells are usually divided into five different classes (monopolar cell 1-5), according to 
their morphology and synaptic connectivity (Strausfeld and Nässel, 1981). In addition there are a 
few other types of cells such as amacrine, tangential, centrifugal and t-cells that are involved in 
inhibitory feedback connections, lateral interactions and feedback loops from the medulla (Nässel, 
1977, Wang-Bennett and Glantz, 1987, Glantz and Miller, 2002).   
 
Although the projection patterns from the retina to the lamina in stomatopods were found to be 
retinotopic, Kleinlogel and Marshall (2005) did find differences in the shape and size of the lamina 
cartridges between the midband and hemispheral regions. The cartridges that receive projections 
from the hemispheral parts of the eye are smaller than the ones receiving projections from the 
midband region and the cartridges of midband row 5 and 6 are rounder and smaller compared to the 
rectangular and larger profile of midband row 1 to 4 cartridges. Some of these structural differences 
reflect the differences in shape of the overlying corneal facet lenses (Stavenga, 1979, Kleinlogel and 
Marshall, 2005). In the midband the facet lenses are rectangular in shape compared to the hexagonal 
pattern of the hemispheres, and this is reflected in the neural organisation of the lamina, where the 
hemispheral lamina cartridges have a more compact axonal packing compared to the midband 
axonal packing arrangement. The terminal endings of the short visual fibres (svfs) in the midband 
cartridges are also larger than the hemispheral ones, leading to bigger lamina cartridges. The 
differences between row 1-4 and row 5 & 6 are not, on the other hand, attributable to the facet 
shapes, and may be caused by variations in the position and morphology of the long visual fibre 
 74 
(lvf) from the R8 cells. The LVFs of row 1-4 form many small branching processes which extend 
over a whole cartridge while lvfs of row 5 & 6 are spineless and smooth (Kleinlogel and Marshall, 
2005). Such branching patterns have been found in other arthropods, e.g. in ants (Meyer, 1979), and 
dragonflies (Armett-Kibel et al., 1977) with  chemical synapses identified in some species, although 
the branching does not necessarily mean that there are synapses present. It would be of great 
interest to know if these differences are also reflected in the morphology and/or size of the neurons 
that make up the lamina cartridges in each region, and if present, what these would tell us about the 
possible chromatic and polarization processing.  
 
Our hypothesis was that there would be structural differences in the stomatopod lamina between the 
lamina cartridge cells in the midband row 1-4 region, the midband row 5 & 6 region and the 
hemispheral region that reflect the different processing requirements of chromatic, polarized and 
achromatic information.  The first aim of this study was therefore to identify and describe the 
neuronal types found in the stomatopod lamina and relate these to neuronal types found in other 
crustaceans. The second objective was to investigate and compare the morphology of the monopolar 
cells within these regions when it comes to size, shape and arborisation patterns. We also wanted to 
know where and how other cell types such as tangential and amacrine neurons were located in the 
lamina and if these related to the structural layout of the different regions. What we found was that 
the different lamina regions, despite being larger and with slightly different shapes, appeared 
relatively similar when it came to neuronal types, suggesting that the processing of chromatic and 
polarised information does not take place in the lamina, but rather in deeper neuropils such as the 
medulla and lobula. 
 
6.2.2 Results 
General morphology 
The lamina is positioned beneath the retina as a ~20-30 µm thick sheet (Fig. 6.2.1), with a curvature 
similar to that of the retina and the midband lamina cartridges visible as a swelling stretching 
laterally across the sheet. It is composed of a synaptic layer with stratified arrangements of 
processes that intersect the columnar neurons. Four main groups of neurons make up the lamina: i) 
the photoreceptor terminals from the retina which terminate in two strata, ii) the monopolar and the 
t-cells which are relay neurons carrying information from the lamina to the medulla iii) centrifugal 
cells which carry feedback information from the medulla to the lamina and iv) amacrine and 
tangential cells which carry information within the lamina cartridges. In addition there are several 
types of multipolar or glial cells whose function is unclear. In total these neuronal types makes up 
specific units, termed lamina cartridges. Each lamina cartridge consists of the terminals of 
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photoreceptors 1-7 (short visual fibres, svfs), the axon of the small distal photoreceptor R8 (long 
visual fibres, lvfs), and least 5 types of lamina monopolar cells (Monopolar cell 1-5). The amacrine 
cells, t-cells, tangential neurons and centrifugal neurons also make up parts of these cartridges, but 
are usually distributed one to several cartridges (Strausfeld and Nässel, 1981) .  
 
Photoreceptor terminals: The morphology and identity of the photoreceptor terminals were 
investigated by Kleinlogel and Marshall (2005) (Fig 6.2.2) and we can confirm in this study that the 
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terminals end in two different strata (lamina plexiform layer 1 and 2, epl1 and epl2)  and that the lvfs 
project through the lamina and terminate in small bleb like terminals in the distal layers of the 
Figure 6.2.2. Lamina photoreceptor terminals. a) Illustration showing the 6 midband rows (MB), Row 1-4 with two tiers of different spectral 
sensitivities (indicated by colour), Row 5 and 6 which are sensitive to cirular polarised light, the UV sensitive R8 cells on top of each row and 
the achromatic linear polarisation sensitive hemispheral receptors (DH, VH). b) Terminal endings of R1-7 from the two different tiers ending in 
two different strata in the lamina plexiform layer (epl1 and epl2) (adapted from Kleinlogel and Marshall 2005). c) Photoreceptor axons of the 
UV-sensitive R8 cells does not terminate in the lamina but rather project through it and terminate in the upper layers of the medulla (Me) (adapted 
from Kleinlogel and Marshall 2005). The R8 axons differ in their arborisation pattern within the lamina, indicating differen amounts of communi-
cation between Rows 1-4, Rows 5 and 6 and the hemispheres. d) Mass fillings of the photoreceptor terminals indicating the two different lamina 
strata. e) Mass fillings showing axons projecting from the lamina to the medulla. f) The retina, lamina and medulla stained against synapsin 
(pink), f-actin (green) and cell nuclei (blue). g) Lamina cartridges stained against the same antibodies as in f), showing the synapsin stained 
monopolar cells (arrows). h) Same stain as in f) and g) without the stain against f-actin. The lamina monopolar cell bodies lay distal to the lamina 
and are divided into two different layers, the distal monopolar cell layer (DML) and the proximal monopolar cell layer (PML). Scale bars: c) 
25µm. d) and g) 20µm. h) 70µm..e) 100µm. f) 200µm.
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medulla (Fig 6.2.2). This configuration is present in lamina cartridges in both the midband and in 
the hemispheres, it even holds for midband row 2 which has an inverted cell arrangement in the two 
main photoreceptor tiers compared to the rest of the retina (Marshall et al., 1991a, Kleinlogel et al., 
2003).  
 
Monopolar cells: The monopolar cells in stomatopods have their cell bodies situated proximal to 
the lamina plexiform layers. The cell bodies are arranged in two distinct layers termed distal 
monoolar cell layer (DML) and proximal monopolar cell layer (PML) (Fig 6.2.1). Here we have 
followed Nässel's (1977) classic descriptions of the monopolar cells in the crayfish lamina, which 
categorises similar morphologies into single cell types. We also compared the monopolar cells 
found in stomatopods with the ones found in the crabs Hemigrapsus oregonensis and Neohelice 
granulata by Sztarker et al. (2009) and adopted some of their classifications. Monopolar cells are 
divided into 5 main classes (Strausfeld, 1970, Ribi, 1975) based on their arborisation patterns in the 
two lamina plexiform layers, the placement of their cell bodies in the DML or PML, the 
organisation of their processes (radial, lateral or unilateral), the width and orientation of their 
processes and any morphological characters of the processes. Following Sztarker (2009), we have 
used the terminology M for monopolar cell, with the cell number 1 to 5 for the main grouping and a 
letter to describe the subtype: n=narrow, b=broad, s= stratified, us=unistratified, d= diffuse, l= 
lateral.  
M1 monopolar cells (M1): These cells are classified by having cell bodies in the PML and therefore 
have very short axons between the cell bodies and branching processes. In this study we found a 
diffuse type of M1 (M1d) (Fig 6.2.3), which had dendrites extending laterally (M1dl). Unistratified 
M1s (M1us) were found with sparse branching in one layer, and some were stratified into both 
layers (M1s).  
M2 monopolar cells (M2): The M2s have cell bodies in the DML and typically have dendrites 
extending bilaterally through both epl1 and epl2. Of these, four different types were identified: M2 
narrow (M2n) with tightly packed dendritic fields extending bilaterally. An M2 with laterally 
extending dendrites in epl2 were found (M2lus) in addition to one that was bistratified and narrow 
(M2ns). Another M2 cell type was found to be narrow and diffuse (M2nd).   
Monopolar cells 3 and 4 (M3 and M4): These cells are associated with the two different lamina 
plexiform layers (epl1 and epl2). Both have cell bodies originating in DML, but M3 have 
arborisations only in epl1 while M4 arborizes in epl2 (Fig. 6.2.4 and 6.2.5). Of the M3s we found a 
narrow type (M3n), a lateral type (M3l), and one type that had broad dendritic arborisations, which 
were extending laterally (M3bl).  Of the M4s we found a similar arrangement, with a broad variant 
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(M4b), a narrow variant (M4n), and one that had quite broad lateral dendritic spread in the epl2, but 
also had a few minor dendrites in epl1 (M4bl).  
Monopolar cell 5 (M5): The M5 cells normally branch bilaterally in spread into adjacent cartridges, 
sometimes with quite wide field processes. They are in general impregnated less frequently and do 
not occur in every cartridge. Nevertheless, a few cells were found that could be identified as 
possible M5s (Fig 6.2.6).  
Monopolar cell 6 (M6): Sztarker et al. (2009) also identified a 6th type of monopolar cell (M6). The 
M6 cells have very delicate dendrites, sometimes with pinhead-like specialisations. The M6 cells 
have yet to be identified in the stomatopod lamina.   
 
M1 us
Figure 6.2.3. Lamina monopolar cell types 1 and 2. a) Monopolar cell type 1 (M1) illustrating the variation within each cell type. M1s: stratified, 
M1 us: unistratified, M1dl:diffuselateralised. Image shows example of traced cell b) Monopolar cell type 2 (M2) with different versions. M2n : 
narrow, M2ls, lateralised and stratified, M2nd: narrow diffuse, M2ns: narrow stratified.  DTL: distal tangential layer, PTL: proximal tangential layer. 
Scale bars: 10µm 
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Tangential cells: 3 types of tangential cells have been identified in the stomatopod lamina (Fig. 
6.2.7). 
Tangential cell type 1:  Tan1s in other crustaceans have long arborizing processes that infiltrate the 
lamina in a bistratified pattern (Strausfeld and Nässel, 1981). The Tan1 found in the stomatopod 
lamina intersect around 6-8 cartridges with extensive branching into the epl1 and epl2. It has a thick 
axon between the medulla and the lamina and a narrow bush like dendrite in the medulla with the 
cell body lying above the medullas outer surface 
Tangential cell type 2: This cell type is classified as having large primary processes along the 
proximal part of epl2, with vertical branches rising orthogonally from these primary processes. The 
Tan 2 we found in stomatopods did not appear to have much vertical branching, they rather 
DTL
Figure 6.2.4. Stratified lamina monopolar cell type 3 and 4. a) Monopolar cell type 3 (M3) showing the typical branching pattern in lamina plexiform 
layer 1 (epl1) but no branching in lamina plexiform layer 2 (epl2). b) Examples of typical impregnations of monopolar cells 3 and 4. c) Monopolar 
cell type 4 (M4) which has the opposite branching pattern to M3 cells, with arborisations only in epl2. d) Monopolar cells type 4 with extensive 
arborisations in epl2 and little arborisations in epl1. Scale bars: 10µm
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appeared quite naked/bare but with very long lateral branching stretching across 10-14 cartridges. 
The Tan 2 neurons terminate with wide field dendrites superficially in the medulla but extend some 
slender branches to deeper levels.  
Tangential cell type 3: A third type of tangential cell was also identified in the stomatopod lamina, 
with branches running along the distal part of epl1. This one also has very thin and sparse branches 
coming out of the primary processes.  
 
T-cells: Sztarker et al. (2009) identified two types of t-cells, one small type (type 1) and one wide -
field (type 2). The t-cells had small or wide-field almost parallel processes in both lamina strata, cell 
bodies located above the medulla and medulla components that gave rise to several small branches 
penetrating the outer layers of the medulla. A few cells have been identified in the stomatopod 
lamina with parallel processes in both strata (Fig. 6.2.8), but no medulla components have been 
identified so far.  
 
Figure 6.2.5: Examples of monopolar cells  a) Cluster of monopolar cells with their terminals in the outer layers of the medulla b) A variety of 
different types of monopolar cells including very thin types of M1s and broad typed M2. c) and d). Unfortunately due to crossing over of axons the 
identity of terminals to monopolar cells were not possible to determine.  e) More monopolar cells, including M4s and the flower-like possible M5. 
Scale bar:  a) to c) 20µm, d) 300µm and e) 10µm. 
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Amacrine cells: Two types of amacrine cells were found in this study (Fig 6.2.8). Amacrine cells 
have their cell body situated below the lamina plexiform layers within the axons of the first optic 
chiasmata. One type had extensive arborisation throughout both lamina plexiform layers (Fig 6.2.8 
a and c), and which spread across 6-8 cartridges.  The other type was smaller, with fewer 
arborisations and thinner processes.  
 
Centrifugal cells: Centrifugal cells originate in the medulla and terminate in the lamina. Several 
types of centrifugal endings have been found in the stomatopod lamina (Fig. 6.2.9). A prominent 
centrifugal ending with dense arborisations was identified both in the midband and in the 
hemispheral regions. This type is quite similar to the C2 neuron found in the crab H. oregonensis 
(Sztarker et al., 2009). Some centrifugal endings are smaller with fewer arborisations but still with 
the thin beaded processes appearing from the stout terminal (Fig. 6.2.9). Others have very thin 
beaded axonal origins which varying branching patterns in the plexiform layers.  
 
Glial cells/multipolar cells: Several types of multipolar cells have been identified (Fig. 6.2.10), and 
they appear to be impregnated quite frequently in the midband region of the lamina. No 
classifications of these cells have been attempted, but it should be noted that they appear to have a 
wide range of branching patterns and arborisations.   
Figure 6.2.6. Possible M5 neurons. a) Wide branching 
pattern of M5 neuron. b) Narrower type M5 cell c) Branching 
pattern of M5 cell reaching over several lamina cartridges. 
Cell body and proximal part of axon is missing in this prepa-
ration. Scale bar: 10µm 
c)a) b)
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Cells identified in the midband: Due to the small area of the midband cartridges in the lamina and 
stochastic nature of the Golgi impregnations, only a few midband lamina cells have been identified 
(Fig. 6.2.10). M2 and possible M3 cells have been identified and appear similar to ones found in 
hemispheral regions. Centrifugal endings have also been observed within the midband rows, which 
have been similar to centrifugal endings in hemispheral regions. Tangential cell type 2 has been 
Tan 2
Tan 2
Tan 3
Figure 6.2.7. Tangential cells. a) Tangential cell 2 (Tan 2) with wide field main processes spreading proximally to the epl2. Few orthogonal second-
ary processes appear. b) Tan 2 again, with a few secondary orthogonal processes. c) Tangential cell type 1 (Tan 1) with arborisations along the 
vertical axis of the lamina. Processes originate from a thick vacariose axis fibre to provide a bistratified arrangement of branches that further branch 
off and spread laterally across several lamina cartridges. d) Tangential cell type 3 (Tan 3) with branches extending over the distal side of the lamina. 
e) Bodian stained section showing Tan 3 (white arrows) and Tan 1 (black arrows).  f) Tan 1 or Tan 3 in the species Haptosquilla trispinosa. Scale 
bar: a) to d) plus f) 20µm, e) 30µm    
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observed in several sections, projecting along the midband cartridges of each row.  
 
 
 
Figure 6.2.8. Amacrine and T-cells. a) At least 
two types of amacrine cells are found. One with 
large amounts of arborisations in both strata and 
beaded endings. A second smaller type was also 
identified with less branching, but as it has only 
been found once this needs confirming. A few 
different types of possible T-cells were found, 
one with short branches penetrating in mostly 
one strata and one with thinner beaded processes 
innervating both strata. b) Example of amacrine 
cell. c) Example of possible T-cell.Scale bar: b) 
20µm, c) 10µm. 
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Figure 6.2.9. Centrifugal cells. Large variations were found among the centrifugal cells. a) Centrifugal neuron in front of M2 monopolar cell. 
b) Very beaded and with little branching. c) Extensive dense branching. d)  Very little branching. e) and f) display the most common centrifugal 
endings, often seen in the midband bulge with extensive branching innervating both layers of the lamina. Scale bars: 10µm 
a) c) d) e)
f)
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Multipolar cells
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Figure 6.2.10. Cells identified in the midband lamina cartridges a) Multipolar/glia cells are often found in the midband region b) Possible part of 
tangential cell or t-cell in midband cartridge. c) T-cells and tangentials are evident. d) Similar to b). e)  Different type of multipolar/glia cell. Also 
large tangentials. f) Centrifugal endings appear often in midband region. g) Centrifugal cell and normal looking M2 cell. h) Large tangential cell 
evident across all the midband rows. Scale bars: 20µm.
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6.2.3 Discussion 
 
Morphological differences between midband and hemispheres 
There are distinct differences in both the size and shape of the lamina cartridges between the parts 
serving the midband region and also within the midband (Fig. 6.2.1) (Kleinlogel and Marshall, 
2005). In the preparations investigated so far we have not seen any significant differences between 
the lamina cell morphology in the midband vs. the hemispheral regions. Due to a small number of 
impregnations and difficulties in identifying the midband row numbers, a comparison of midband 
rows 1-4 with rows 5 & 6 have not yet been possible. The most distinct difference we could observe 
was that there appeared to be more glial cells impregnated in the midband region than in the 
hemispheral parts. What significance this may have is not known.  
Laminas in insects and crustaceans are composed of conserved cell types (Strausfeld and Nässel, 
1981, Elofsson and Hagberg, 1986) and are often found to have a similar arrangement and cell 
morphology between species. This means that it is likely that the ecological demands of a species is 
not reflected in the first optic neuropil (it is, on the other hand in deeper neuropils), and that the 
common descent of the lamina design are of more importance. Nevertheless, some variations have 
been uncovered in relation to the light adaptation capabilities of the neural circuit in nocturnal 
versus diurnal bees (Ribi, 1975, Greiner et al., 2004). Sztarker (2009) suggest that if any ecological 
differences between lamina cells in different crustaceans should be found it is likely not to be in the 
monopolar cells but rather in the tangential neurons, which would reflect different adaptation 
mechanisms to a range of luminances. Although it would be of great interest to find differences in 
the tangential or other neurons between the midband and the hemispheres it is likely that this is not 
the case, as the neurons may perform very similar tasks in each area, just with a different modality 
(e.g. colour vs. polarization).  
 
Communication within the lamina cartridge and its influence on colour/polarization processing 
In accordance with similar studies from crayfish, (Nässel and Waterman, 1977, Nässel, 1977, 
Strausfeld and Nässel, 1981) the lamina cartridge is built up of two M1 cells (M1a and M1b), one 
M2 cell, one M3 and one M4 (Fig. 6.2.3 and 6.2.4). Within one cartridge M1a and M1b penetrate 
each side of the cartridge in both epl1 and epl2 and divide the input from the receptor terminals in 
each layer. M3 and M4 on the other hand only form contacts in the distal (epl1) and the proximal 
(epl2) layer respectively. The M2 forms numerous synaptic contacts with the receptor terminals in 
both layers. Monopolar cell M5 has wide field dendrites that form contacts within several lamina 
cartridges and is supraperiodic. It does not appear to form direct synaptic connections with any of 
the receptor terminals, and is thought to be involved in interactions with sets of relay neurons 
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(Strausfeld and Nässel, 1981). Although we have identified that stomatopods have all of the 
previously described monopolar cell forms using Golgi impregnations, there is still a need to 
investigate the organisation of cell types within single lamina cartridges, as there may be 
differences between the midband and hemispheral regions. Nonetheless, if we assume that the 
stomatopods have a similar layout to crayfish, and consider the differing spectral information 
conveyed by the receptor terminals in each lamina plexiform layer this would mean that M1a and 
M1b plus the M2 would receive input from receptors transferring information about two different 
spectral sensitivities simultaneously, while M3 and M4 would only relay the information encoded 
by each spectral sensitivity. Electrophysiological recordings have been made from the crayfish 
lamina monopolar cells (Glantz and Miller, 2002) which showed that the monopolar cells 1 to 4 
exhibit a hyperpolarizing on-axis light response and are non-spiking. Due to the morphology 
(Nässel and Waterman, 1977) and the high response time of the M2 compared to the other 
monopolar cells (Wang-Bennett and Glantz, 1987, Glantz and Miller, 2002) it was suggested that 
the M2 cells detect high temporal frequencies while M1 detect low temporal frequencies. Further 
studies revealed that the M3 and M4 monopolar cells had orthogonal e-vector maxima conveying 
information about the angle of polarised light (Rutherford and Horridge, 1965, Nässel, 1976, Sabra, 
1985, Glantz, 1996a). Although these studies did not test for wavelength discrimination, it is 
tempting to speculate that the stomatopods have used the same system in their colour vision 
pathway. In relation to the two proposed processing systems mentioned in the chapter 1, both still 
appear as possible solutions. A serial di- or trichromatic system could possibly involve some 
processing/opponency between the two different receptor layers in the lamina, which could be 
performed by monopolar neurons such as M1 or M2. In the parallel processing scheme the M3 and 
M4 would likely relay the chromatic information without any further processing at this stage. It is 
clear that electrophysiological recordings of the lamina neurons are needed to determine which of 
the two is happening or, perhaps, if it is a combination of the two? 
 
Local feedback circuits within the lamina 
In addition to the monopolar cells there are also other cell types in the lamina that provide functions 
such as lateral inhibition and regulatory feedback control within the lamina itself. The amacrine 
neurons appear to form lateral inhibitory feedback connections (i.e. the ability of an exited neuron 
to dampen activity of neighbouring neurons) to the photoreceptor terminals, which are thought to 
sharpen signals and increase contrast (Glantz et al., 2000, Glantz and Miller, 2002). Studies of 
insect lamina cells has found communication between lamina cartridges (Souza et al., 1986, 
Fischbach and Dittrich, 1989) suggesting that the lamina may perform some initial colour 
processing which is then transferred to the medulla (Menzel, 1974, de Souza et al., 1992, Paulk et 
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al., 2009). Whether the amacrine cells are involved in early colour processing is not known. The 
two types of amacrine neurons found in stomatopods resemble those found in other crustaceans and 
any regionalisation of the amacrine cells has not yet been identified. It is therefore not known if the 
amacrines in the midband region have any specialisations for colour processing or if they have 
retained the same function as in the hemispheres. The hemispheres are achromatic, but instead are 
sensitive to linearly polarised light. If the amacrine cells are involved in colour processing then the 
change between processing signals from chromatic receptors versus signals from receptors 
processing e-vector angle may be small enough that the cells retain a similar morphology.  
 
Tangential cells also spread across several lamina cartridges and their function is probably to 
regulate feedback control of lamina function and also to modulate sustaining fibres (Glantz and 
Miller, 2002). Stomatopods have three types of tangential neurons, similar to crabs (Stowe et al., 
1977, Sztarker et al., 2005), while only two types have been found in crayfish (Nässel, 1977, 
Strausfeld and Nässel, 1981). The tangential neurons in stomatopods make up a rectilinear 
orthogonal array of processes running on the distal side of the lamina (Tan2), the proximal side of 
the lamina (Tan3) and throughout the lamina itself (Tan1). Together they contribute to a planar 
network across the columnar mosaic, which is clearly visible in the Bodian stained sections (Fig. 
6.2.7e). Sztarker (2009) found that in crabs the tangential neurons supplied every optic cartridge 
with an axon making the tangential supply extraordinarily dense compared to insect laminas where 
tangential neurons are distributed one to several cartridges. It is not yet clear what this relationship 
is in stomatopods. Glantz (1996b) found that Tan1 neurons in the crayfish lamina were sensitive to 
polarised light and that this sensitivity actually exceeded that of the photoreceptors. They also found 
that some of these neurons exhibited opponency. At certain e-vector angles they had 
hyperpolarizing ON responses while depolarising OFF responses where recorded when the e-vector 
angle was displayed in the orthogonal direction.  
 
Figure 6.2.11. Summery of types and functions of monopolar cells (Adapted from Strausfeld and Nässel 
1981). M5 not included as it does not appear in every cartridge. Left hand side illustrates one lamina 
cartridge and the monopolar cells it contains. Right side identifies the cells and their suggested function.   
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6.2.4 Summary and conclusion 
To summarise, there were no major differences found between the lamina cartridge of stomatopods 
and other crustaceans. Monopolar, tangential, amacrine, t-cells and amacrine cells had similar 
branching patterns and morphology to the ones found in crabs. There were a variety of centrifugal 
and glial/multipolar cells found, with glial/multipolar cells being more often impregnated in the 
midband area, but the significance of this is not yet known. The main function of the lamina in 
stomatopods likely follows that of other arthropods, to encode the spatiotemporal image from the 
photoreceptor mosaic, sharpen image contrast and establish parallel channels for colour and 
polarization vision (Glantz and Miller, 2002). Contrast, motion, e-vector angle and colour are 
encoded separately within each cartridge, and through lateral interactions and adaptation pathways 
this information is transferred in parallel to higher processing centres such as the medulla and 
lobula. Despite gross morphological differences (Kleinlogel and Marshall, 2005) no significant 
differences in lamina neurons were observed between hemispheral and midband lamina regions, 
indicating that the chromatic, achromatic and polarization information is processed using a similar 
set of cells and making it likely that more complex colour processing does not take place in the 
lamina, but rather further into the system such as in the medulla or lobula.  
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6.3 Anatomically segregated visual pathways in the medulla of stomatopods 
 
6.3.1 Introduction 
 
The complex architecture of the stomatopod retina has been the focus of many studies in recent 
years (Marshall, 1988, Cronin and Marshall, 1989a, Kleinlogel and Marshall, 2006, Marshall et al., 
2007, Chiou et al., 2008) but we still know very little about how this plethora of visual input is  
processed in the optic lobes and brain. Previous studies of stomatopod optic processing have 
focused on the first optic neuropil, the lamina (Kleinlogel et al., 2003, Kleinlogel and Marshall, 
2005 and Chapter 6.2), while investigations into higher processing centres, such as the medulla, 
have not yet been performed. The medulla is the second optic neuropil in the visual pathway of 
insects and crustaceans (Strausfeld and Nässel, 1981, Strausfeld, 2012) and is the most elaborate 
and intricate neuropil. It has a large number and many types of neurons (Strausfeld, 1976, 
Strausfeld and Nässel, 1981) receiving projections from the first optic neuropil (the lamina) and 
projecting information on to the third optic neuropil (the lobula). The medulla is built up in a 
columnar fashion, in which each column represents the information stream from one optical unit 
(ommatidium). Distinct horizontal elements lie across the columnar organisation, which laterally 
interconnect the columnar units and make up layers, or strata, in the distal-proximal direction. 
Intrinsic elements such as amacrine or tangential cells convey information between these layers 
while extrinsic elements such as transmedullary (Tm) or t-cells carry the information to other 
regions of the brain. The medulla necessarily encodes many different forms of visual information. 
Neurons in the insect medulla previously shown to be colour sensitive and display colour 
opponency (Hertel, 1980, Hertel and Maronde, 1987, Hertel et al., 1987, Morante and Desplan, 
2008), motion sensitivity (Bausenwein and Fischbach, 1992, Douglass and Strausfeld, 2003),  
polarization sensitivity (Homberg and Würden, 1997) and to have spatially antagonistic receptive 
fields (Paulk et al., 2009). In crustaceans, modularly dimming and sustaining fibres in the medulla 
have been shown to be polarization sensitive in both crayfish (Glantz and McIsaac, 1998) and  crabs 
(de Astrada et al., 2009). 
 
A large number of neuronal types have been identified in the insect medulla. For example in the 
small fruit fly Drosophila about 45 cell types have been identified in a single column in addition to 
another 70 types that have been found to stretch over several columns (Gilbert, 2013). According to 
estimates, the medulla of the fly Musca domestica contains over 147,500 neurons (Strausfeld, 
1976). Unfortunately, while the insect visual processing system has been scrutinised in thousands of 
studies, there is an absence of knowledge about crustacean medulla. The optic lobes of crayfish 
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(Nässel, 1977, Strausfeld and Nässel, 1981), crabs (Beron de Astrada et al., 2001, Sztarker et al., 
2009, Sztarker and Tomsic, 2014), prawns (Nässel, 1975) and lobsters (Hamori and Horridge, 1966) 
have been examined but only a few of these focused on the medulla. Our understanding and 
knowledge about this complicated, but important neuropil in crustaceans is therefore limited and 
although comparisons with the insect medulla can give us clues to its origin and function there is 
still a need for further investigations.  
 
Previous studies of stomatopod neural architecture have found that the retinotopic mosaic from the 
midband and hemispheral photoreceptors appear to be maintained through the three first optic lobes 
(Kleinlogel et al., 2003) and that the photoreceptor axons project retinotopically to the first optic 
lobe, the lamina (Kleinlogel and Marshall, 2005). Apart from the gross morphology of the optic 
lobes few other studies have been performed on the higher visual processing centres in 
stomatopods. Strausfeld (2005, 2012) presents images of Bodian stained sections and comments on 
some of the structures of the stomatopod optic lobes but does not go into any detail. Schiff et al. 
(1986, 1987) carried out investigations of the optic lobes of Squilla mantis which has a reduced 
midband, and did not go into details regarding the midband projections. This is therefore the first 
detailed study to investigate how the multipart visual system of stomatopods is processed in the 
medulla.  
 
We chose to compare the optic lobes of the stomatopod to another crustacean with vision as a 
dominant sensory modality and active visual behaviour, namely the crab Neohelice granulata (until 
recently named Chasmagnathus granulatus, Sztarker et al., 2005, Sztarker and Tomsic, 2014) to 
disentangle any features that may be related to their visual ecology and retinal layout. Due to the 
different orientation in eye positioning (with the crab eye in an upright position and the stomatopod 
eye pointing forward) the axis have been shifted 90° (refer to Sztarker et al., 2005). Our main 
questions were: i) Does the stomatopod medulla have the same architectural layout as the crab? ii) 
Are there any special features in the region of the midband lobe that we do not see in the 
hemispheral parts of the stomatopod medulla or the crab medulla? iii) Is there any communication 
between the midband lobe and the hemispheral parts of the medulla? What we found was that the 
stomatopod has a strongly stratified medulla, and that the midband information is likely kept 
segregated from the hemispheral regions throughout the medulla.  
6.3.2 Results 
General morphology and stratification 
The stomatopod medulla has an elongated domed shape with a lateral curve in the frontal plane 
(Fig. 6.3.1) and is positioned in a mediolateral position proximal to the lamina. The projections 
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from the lamina extend through the first optic chiasmata (Och1), twist 180° and reach the outer 
layers of the medulla in a retinotopic fashion. Axons from the part of the retina containing the 
specialised midband photoreceptors project through relay neurons in the lamina down to a distinct 
Figure 6.3.1: Overview of the optic neuropils and the medulla. a) Frontal and dorsal 
view of stomatopod eye. b) 3D-structure of the retina and eyestalk. Structures 
labelled: Lamina (La), medulla (Me), lobula (Lo), glomeruli complex (GC), corpus 
allungato (CA). c) Sagittal section of the eye showing the optic lobes and the planes 
of sectioning. d) Coronal bodian stained section of the optic lobes and protocer-
ebrum. e) Saggital bodian section of the optic lobes and protocerebrum. Arrows 
indicate midband pathway. f) Immunolabelling against synapsin (pink), f-actin 
(green) and cell nuclei (blue) in the medulla showing the axons (arrow) projecting 
from the medulla to the lobula. g) Same stains as in f). Arrow showing area of 
division in the proximal part of medulla. g) Bodian stained section of the medulla 
showing the layering and the midband swelling on top (arrow).  Scale bars: d) and 
e) 400µm, f) to h) 100µm.
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bulge or hernia-like swelling positioned on the distal side of the medulla (Fig 6.3.1) in a 
mediolateral plane, while axons from the hemispheral parts of the retina and lamina project to the 
corresponding regions of the medulla.   
 
The stomatopod medulla is organised into columns and layers (Fig. 6.3.2). From Bodian stained 
sections it is clear that it exhibits a distal-proximal laminated architecture, consisting of at least 6 
main layers made up by tangential processes oriented orthogonally to the long axis of the columns 
(Fig 6.3.2 a, b). These processes are oriented dorsoventrally and are interweaved into tightly 
bundled processes making them very distinct in the sagittal plane as dark purple layers. In addition 
Figure 6.3.2. Medulla layers. a) Sagittal section of the medulla in G. smithii. The midband lobe is visible in top right corner (MBL). Tangential 
processes are visible as dark bands (brackets) in an dorsoventral orientation. b) Coronal section of P. ciliate showing the same tangential 
processes as in a) White brackets are indicating dorsoventrally oriented tangential processes while black brackets indicate lateromedially 
oriented processes. c) Oblique section of P. cilate medulla showing long tangential processes extending lateromedially along the hemispheral 
regions of the medulla. d) Longditudinal section of N. granulata. Black brackets indicate anterioposterior processes (ATP1, ATP2, ATP3). From 
Sztarker and Tomsic (2014). e) Transverse section of the crab N. granulata showing three lateromedial tangential strata (LMT1, LMT2, LMT3) 
in black brackets. L1 -L11 indicates layers identified by mappings of arborisations from Golgi impregnated neurons. From Sztarker and Tomsic 
(2014). f) Oblique section of the medulla of N. oerstedii with thick neurons externding lateromedially along the midband projections. g) 
Medulla of N. oerstedii showing examples of neurons making up tangential layers. Scale bars: 50µm 
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there are at least 6 layers of lateromedial processes visible in lightly coloured layers. Using the 
same stain (Bodian), Sztarker et al. (2005) divided the crab Neohelice granulata's medulla into 3 
strata of anterior-posterior tangential elements (APT 1-3) and 3 other strata of lateromedial 
tangential processes (LMT 1-3) (Fig 6.3.2). In their 2014 article Sztarker and Tomsic identified 
another 5 strata by the pattern of ramification of input and columnar neurons using Golgi 
impregnations giving the crab medulla a total of 11 layers. This work is underway for the 
stomatopods and will most likely divide the stomatopod medulla further. 
 
Termination patterns  
The medulla receives axons from the lamina through the first optic chiasm, which includes lamina 
monopolar cell terminals, terminals from the long visual fibres (lvfs) of the R8 cells and terminals 
of tangential processes.  The terminations are located at different layers, but they are confined to the 
outer two thirds of the medulla (Fig 6.3.3 and 6.3.4). The lvfs terminate in the outermost layer in 
small bleb-like swellings (Fig. 6.3.3). The monopolar cells terminate in the distal layers of the 
M4 termnals
M2 terminal
M3 terminal
Figure 6.3.3. Termination pattern in the outer medulla layers. a) Mass fills of monopolar cells terminating deep in the outer layer of the medulla. b) 
Mass fill of R8 lvfs which terminate in the outermost layer of the medulla in small blobs. c) Mass fills of unidentified cell terminals in different 
layers. d) Golgi stained terminals in the medulla imaged with a confocal microscope and colour coded for depth. e) M3 and M4 monopolar cell 
terminals in the medulla. f) Other examples of monopolar cell terminals. g) Radially spreading terminal probably belonging to the M2 monopolar 
cell. h) Camera lucida drawings of various cell terminals. Scale bars: 20µm. 
a) b) c) d)
e) f) g)
h)
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medulla (Fig. 6.3.3) with varying degrees of arborisation patterns according to the monopolar cell 
identity. Because of the distance between the lamina and the medulla and the 180-degree twist in 
the Och1 it is often hard to trace the axons of the monopolar cells from the lamina to the medulla. 
Some of the terminal identities have therefore been assumed based on similarities between these 
and the termination pattern of the crab (Sztarker and Tomsic, 2014). Terminals that have been 
identified is the M2 terminal with its radial arborisations and terminals of monopolar cell 3 (M3) 
and 4 (M4) was with some variations identified as M3' ad M4' according to the naming schedule in 
Sztarker et al. (2014). The medulla also receives axons from tangential fibres in the lamina, which 
terminate distally between the surface and the first layers of the medulla and have their somata 
Figure 6.3.4. Termination patterns in the medulla midband lobe. a) and b) Bodian sections showing terminals in two different levels within the 
midband lobe. c) Mass filled neuron terminating in the midband lobe. d) Large terminals from tangential neurons in the lamina terminating on the 
surface of the midband lobe. e) Same as in d) but imaged with a confocal microscope. e) Large tangential terminals along the distal surface of the 
medulla. g) Camera lucida drawings of cells in the medulla midband lobe. h) Golgi impregnated cells in the medulla midband lobe. Thin processes 
entering the midband lobe and Y-shaped neurons within the lobe. Scale bar: 40µm.
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located just above the medulla. The terminal of tangential cell 1 consists of a narrow bush like 
ending terminating within the first few layers of the medulla, while the terminal of tangential cell 2 
has a radially projecting shallow ending just penetrating the surface of the medulla.  
 
 
Some terminals have also been identified in the equatorial swelling (Fig. 6.3.4 to 6.3.6). The Bodian 
stains reveal two sets of terminals in two adjoining layers within the swelling, similar to the 
termination pattern of M3 and M4.  At least two types of large tangential cell terminals are visible 
on the distal surface of the swelling likely identifiable as tangential cell 1. These terminals appear 
larger than the tangential terminals identified in the hemispheral parts of the medulla.  
 
Y-shaped bifurcations 
Sztarker et al. (2005, 2014) found transmedullary (Tm) cells in their longitudinal sections with 
prominent flattened Y-shaped bifurcations in their distal dendrites (Fig. 6.3.5). These were oriented 
in along the anteriorposterior axis and had retinotopic projections of their axons deep into the 
lobula. A similar type of neuron is found in the stomatopod medulla using Golgi impregnations, but 
so far it has only been discernible in the midband lobe. The Y-shaped cells in the equatorial 
swelling appear to project through the medulla and terminate deep in the lobula.  
 
Figure 6.3.5. Neuron types within the medulla midband lobe. a) Thick y-shaped neurons are evident in some preparations, while in others b) they 
are thinner and with beaded processes. c) Thin processes with little branching appear to project straight through the medulla with little interaction 
with other neurons. d) Illustration of the major neuronal types in and around the midband lobe. Terminal endings of lamina monopolar cells 
indicated in colours. e) Y-shaped beaded neuron in the stomatopod midband lobe. Scale bars: 40µm. 
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Large tangential neurons.  
Several large tangential processes are evident in the proximal part of the medulla along the 
mediolateral plane (Fig. 6.3.2). These have large axons that project through the second optic chiasm 
down to the lobula and differ from the tangential processes that make up the layering of the medulla 
in their orientation (having mediolateral projections compared to the dorsoventral projections in the 
layers).  
 
Projections to the lobula. 
Projections from the medulla appear to converge in the medioproximal part of the medulla before 
becoming part of the second optic chiasm and twisting 180 degrees. There are no apparent 
projections circumventing the lobula.  
 
 
 
Figure 6.3.6. Medulla midband lobe. a) Arrow indicating axons from lamina cels terminating in the medulla midband lobe. Brackets indicate the 
midband lobe and Row 5&6 terminals. b) Tangential orthogonal processes visible on the distal surface of the medulla. c) Same as in a) with 
terminals from Row 5&6. d) Synapsin stained section showing the same pattern with Row 5&6 clearly visible. Scale bar: 30µm. 
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Serpentine layer 
Neither in the Bodian stains or the Golgi impregnations is there obvious signs of divisions of the 
medulla into the outer and inner layers, such as the serpentine layer found in insects. But, as in 
crabs, there are apparent differences between the distal and the proximal part when it comes to the 
input terminal patterns, which exclusively occupy the distal two-thirds of the medulla (Fig. 6.3.3 
and 6.3.4).   
 
Immunohistochemistry: 
Synapsin stained sections (Fig. 6.3.7) reveal a similar layering as in the Bodian stained sections, 
with layers running in the lateromedial direction showing strong synapsin like staining, while the 
thick bundles of tangential layers running dorsoventrally have little to no synapsin-like staining. 
Processes in the midband lobe also appear to have strong synapsin-like staining in the distal part, 
but with projections running towards the lobula having little to no synapsin-like staining. Serotonin-
like staining appears in the outer third of the medulla in the same layers as the axons of the lamina 
relay cells terminate (Fig. 6.3.7). Strong labelling appears in cell bodies positioned distally to the 
Figure 6.3.7: Serotonin and synapsin-like staining in the medulla. a) and b) Serotonin-like staining 
appear to be most pronounced in the outer layers of the medulla. c) and d) Serotonergic neurons 
in the outer layers of the medulla have cell bodies (arrows) laying along the rind (d) and the proxi-
mal part of the medulla c). e) and f) Synapsin-like staining in the medulla showing the tangential 
cell layers. Scale bars: 100µm.  
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medulla with axons projecting into the second layer of the lateromedially projecting processes. 
Some serotonergic cell bodies are also apparent on the proximal side of the medulla (Fig 6.3.7 c). 
These may be cell bodies of centrifugal cells, which project from the medulla and terminate in the 
lamina. Weak staining also appear in the most proximal layers of the medulla.  
 
Types of neurons identified in the medulla 
To best identify single neuronal types in the medulla a large number of Golgi impregnations are 
needed which then needs to be reconstructed using camera lucida or 3D reconstructions (in the case 
of confocal images). As this is very time consuming work it has not yet been carried out in a large 
scale, but is a planned future project.  
 
Table 6.3.1: Similarities and differences between the stomatopod and crab medulla  
 Stomatopod Crab 
Main layers 12 6 
Additional layers based on the pattern of 
ramification (Golgi) 
Not known 5 
Termination patterns of lamina cells Similar Similar 
Y-shaped cells Only in medulla midband lobe In the whole of medulla 
Large tangential neurons in proximal 
medulla 
Yes No 
Serpentine layer  No No 
 
6.3.3 Discussion 
With 6 distinct layers of dorsoventrally oriented tangential elements and 6 other layers of 
lateromedial processes making up a total of 12 layers, the stomatopod medulla appear more 
stratified than the crab medulla. There are also signs of the further subdivision of the medulla, as 
have been seen in N. granulata (Sztarker and Tomsic, 2014), however these divisions await the 
analysis of single medullary neurons and their branching pattern. The dorsoventrally oriented 
processes are very sharply delineated compared to that of the crab, which only have three clearly 
delineated tangential layers in the dorsoventral (anterior-posterior layers 1, 2 and 3) plane. It is 
noted that the tangential layers of the stomatopod medulla are thicker and more distinct than those 
seen in the crab medulla, but what function this has is still not clear. The information from the 
midband is distinctly visible as a large bulge on the distal side of the medulla. As seen in the 
lamina, the terminals in this equatorial lobe in the medulla appear to be larger than the terminals in 
the hemispheral parts of the medulla, which probably account for the apparent hernia-like swelling. 
It could be speculated that the larger size is related to the processing requirements of the midband 
cells, as these would likely need to respond quickly during eye scans. Skorupski and Chittka (2010) 
found that the bumblebees chromatic receptors had a slower processing speed than achromatic 
receptors, and if this is the case for the stomatopod there may be adaptations in the midband cells to 
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increase processing speed. Compartmentalising parts of the optic processing system such as the 
stomatopod midband lobe have been recognised in other animals, such as the polarization 
processing pathway in locusts which project exclusively through the dorsal rim area of the medulla 
before innervating tangential arborisations in medulla layer with axonal processes stretching down 
to the ventral-most layer of the anterior lobe of the lobula (Homberg et al., 2003, Träger et al., 
2008).  
 
Branching patterns and neuron types 
As the medulla is such as complex structure with numerous types of neurons belonging to each 
column it is a substantial task to sort these out. In general though, there are a few broad 
classifications that can be used to organise the main classes of neurons in the medulla such as 
photoreceptor and monopolar cell terminals, intrinsic transmedullary neurons, wide-field 
transmedullary neurons, centrifugal neurons, t-cells and amacrine neurons. Investigations are on the 
way to classify the different neuron types in the stomatopod medulla, but at the moment only a few 
types of neurons have been identified.  
 
The terminals that have been identified are comparable with the terminals found in the medulla of 
the crab N. granulata. Within the equatorial swelling there is evidence of terminals from M3 and 
M4 ending in two different layers, continuing the pattern from the lamina where M3 and M4 
arborize in the two lamina plexiform layers epl1 and epl2. Although we still don't know the synaptic 
connections between the photoreceptor terminals and the monopolar cells in the lamina, the 
branching pattern of M3 and M4 may indicate the transfer of chromatic (or polarization) 
information from two different sensitivities through the lamina and now possibly also through the 
medulla. Further connections between the terminals of M3 and M4 and other medullary cells have 
not yet been identified, but the work is underway. 
 
Sztarker and Tomsic (2014) found a large number transmedullary neurons with arborisations in 
only the distal layers of the medulla, and this differs substantially from insects, in which only one 
type (Tm9 in Drosophila) have been found (Fischbach and Dittrich, 1989). In stomatopods it 
appears that some of the layering is composed of transmedullary cells (Tm cells) that have little-to-
no arborisation in at least the distal layers in the medulla (Fig. 6.3.2) but which penetrate down 
through the outer layers of the medulla to form the dorsoventral tangential layers. Some of these 
cells appear to follow the tangential layers until they reach the region of the equatorial swelling, 
where they again project down through the rest of the medulla. These neurons have not been 
identified, but may have similarities with the Tm6 in N. granulata (Sztarker and Tomsic, 2014). It 
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will be interesting to investigate the branching pattern of transmedullary cells in the medulla 
midband lobe, as branching in only the distal layers could indicate transmission of 
chromatic/polarization signals from layers containing monopolar cell terminals. If these neurons are 
found they could be candidates for chromatic/polarization information pathways directly to the 
lobula without complex processing in deeper levels.  
 
Y-shaped neurons 
Another interesting neuronal type that has been identified in the stomatopod medulla is the Y-
shaped transmedullary neurons. These have their Y-shaped vacariose and beaded branches in the 
distal layers of the medulla midband lobe and have until now been found predominantly in the 
medulla midband lobe. Similar neurons have been found in crabs (Sztarker and Tomsic, 2014) and 
insects (Strausfeld, 1970, Strausfeld, 1976, Ribi and Scheel, 1981) but in all areas of the medulla, 
without any regionalisation. In the crab the Y-shaped neurons coarsens the retinotopic mosaic in the 
medulla (several retinotopic inputs in the medulla connects to the dendritic branches of a single 
lobula neuron) and the lobula which contrasts the rest of the neuropil arrangement where most 
morphological types of through going elements can be impregnated in their neighbouring columns 
and gives the medulla and lobula comparable numbers of columns. The functions of these neurons 
are not known, but we do know that they terminate deep in the lobula with vacariose and beaded 
profiles indicating presynaptic swellings (Strausfeld and Bassemir, 1985).  
 
Resemblance to insects 
In insects the medulla is divided into two layers called the outer and the inner medulla (Strausfeld, 
1976) by a thick layer of tangential processes termed the serpentine layer. Many neurons project 
from this layer via the optic commissure to regions in the midbrain and the contralateral optic lobes. 
This layer is not evident in crustaceans (Sinakevitch et al., 2003), nor have we been able to 
specifically distinguish it in this study, although there is a subdivision of the medulla seen in the 
termination patterns of lamina cells in the outer layers of the medulla, which is also visible in the 
serotonergic labelling of neurons in the outer layers. This subdivision of an outer and inner medulla 
is also evident in crabs, and Sztarker and Tomsic (2014) suggest a functional regionalisation in the 
medulla although there are not a distinct division such as the one found in insects. Differences in 
medulla between species and orders are most likely not due to differences in the columnar neurons 
but because of arrangements of local neurons such as amacrine cells. For example the motion 
sensitive neurons show evolutionary stability despite variations in lamina neurons termination depth 
in the medulla (Buschbeck and Strausfeld, 1996, Buschbeck, 2000).  
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Function 
Previous studies (Ribi and Scheel, 1981, Douglass and Strausfeld, 1996, Glantz, 1996b, Glantz, 
1998, Strausfeld, 2012) suggests that the layering in the medulla in arthropods functions like a 
computational device reconstructing elements of the visual scene such as edge detection, motion, 
centre surround fields, colour features etc. These computations may be carried out by successive 
networks of amacrine neurons, which together with other medulla processes, such as tangential 
neurons, make lateral interactions and feedback loops, modifying the signal carried by the bundled 
columnar neurons. Together these different medulla neurons form parallel visual pathways through 
the medulla with the different layers filtering out neural information and then relaying it to the 
lobula for further processing. Lateral processes are also evident in the stomatopod medulla midband 
lobe, some of which pass through both the hemispheral parts and the midband region (with 
unknown amounts of communication between the two), but also some that only appear within the 
midband lobe. As the chromatic and polarization information is already segregated into a single 
area, it could it be that there is no need for this information to be integrated with other information 
pathways at this point in the processing.  
 
Colour processing 
Bumblebees exhibit an increasing complexity of colour processing in relation to the depth of the 
layers in the medulla (Paulk et al., 2009). The outer layers contain chromatic narrow- and broad-
band sensitive neurons while the inner layers demonstrate colour opponency exhibiting combination 
sensitive excitatory and/or inhibitory interactions by amacrine or large-field medulla neurons 
between two or more photoreceptor classes (Dyer et al., 2011). More work is needed to investigate 
if such an arrangement exists in stomatopods. The proximal layers of the stomatopod medulla does 
appear to have neurons with a high degree of arborisations, but detailed studies of the anatomy of 
single neuronal types and their activity patterns are needed to make any predictions about the 
function of these. Projections from the midband lobe do penetrate these layers, but it is not clear if 
there are any synaptic connections with the branching patterns of the previously mentioned neurons 
in these layers.  
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6.4 Integration and processing of chromatic and achromatic information in the stomatopod 
lobula and lateral protocerebrum 
6.4.1 Introduction 
The lobula (previously termed medulla interna) (Strausfeld and Nässel, 1981) is the third optic 
neuropil in the visual system of most insects and crustaceans. It is positioned in a proximally to the 
medulla on the lateral side of the eyestalk.  In insects, a smaller tectum-like neuropil termed the 
lobula plate accompanies the lobula, which is characterised by large field tangential neurons and is 
linked to the medulla using uncrossed axons.  A similar neuropil has also been found in some 
crustaceans such as the crab (Sztarker et al., 2005), isopod (Strausfeld, 1998) and crayfish 
(Strausfeld and Nässel, 1981, Strausfeld, 2005). Proximal to the lobula lies the lateral 
protocerebrum, which is the least studied visual region in both insects and crustaceans, and has a 
complex and non - columnar structure. It receives projections from the lobula, the medulla and also 
from the antennal lobes in the median brain, which project out into the eyestalks through the 
olfactory globular tract (OGT). The lateral protocerebrum consists of multiple visual and olfactory 
tracts or bundles, hemiellipsoid bodies, glomeruli (synaptic clusters) of varying sizes, and additional 
structures that have yet to be named.  
 
Organisation 
As in the medulla, the lobula consists, of columnar elements intersected by orthogonal tangential 
strata. In terrestrial insects (Strausfeld, 1998, Sinakevitch et al., 2003), and some crustaceans (e.g. 
the crayfish, Strausfeld and Nässel, 1981) the lobula is better defined as a subperiod of the medulla 
lattice. Spatially, a single lobula neuron receives several retinotopic inputs from the medulla, 
usually at around a ratio of 1:9, but unlike insects the lobula in previously studied crustaceans is 
densely packed with columns exhibiting the same or similar spacing as in the medulla (Sztarker et 
al., 2005). The columnar neurons in the lobula segregate into discrete optic glomeruli in the lateral 
protocerebrum, thereby loosing their retinotopic connection maintained through the three first 
neuropils (Strausfeld and Lee, 1991, Strausfeld and Okamura, 2007, Mu et al., 2012). One 
suggested function of these glomeruli is to refine noisy signals from single lobula neurons through 
inter-glomerulus interactions mediated by local interneurons (Mu et al., 2012). The number of 
glomeruli are similar to the number of columnar neurons types found in the lobula, which again 
relates to the number of discrete parameters that are reconstructed by the brain (Strausfeld, 2012). 
 
Function 
The lobula and protocerebrum most likely have to encode many sub modalities such as colour, 
motion, intensity, polarization etc.  One of the main suggested purposes of the lobula complex in 
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both insects and crustaceans is to process motion information (O'Shea and Williams, 1974, Beron 
de Astrada and Tomsic, 2002, Paulk et al., 2008), with the lobula processing object motion (over a 
wide field) and the lobula plate processing flow field motion. Wide field motion sensitive neurons 
have been identified in the crab (Beron de Astrada and Tomsic, 2002), which possess dendrites 
extending tangentially along the lobula and relay motion information for further processing in the 
protocerebrum and/or brain. Recent studies of the lobula giant (LG) neurons (Beron de Astrada and 
Tomsic, 2002, Medan et al., 2007) have found that these are able to integrate visual information 
with mechanosensory information from the legs. In addition, these neurons are found to be plastic 
and undergo changes that assist in the formation of short- and long term visual memories (Tomsic et 
al., 2003, Sztarker and Tomsic, 2011, de Astrada et al., 2013) indicating that the lobula is involved 
in higher levels of processing than previously thought. Paulk (2008) found that the honeybee lobula 
contained neurons which had branching patterns in specific layers and were sensitive to either of 
colour, motion or stimulus timing. As the different layers project to different regions of the 
protocerebrum and median brain, they predicted that the lobula layers are the structural basis for 
segregation of visual information.  
 
Hemiellipsoid bodies  
Equivalent structures in insects, the mushroom bodies are large centres in the brain which are 
involved in olfaction, learning and memory formation (Heisenberg, 2003). They consist of cap- or 
cup-like structures called the calyces that surround a stalk termed the pedunculus. Crustaceans do 
not have mushroom bodies, but instead their olfactory globular tracts (OGTs) project from the 
olfactory lobes to prominent neuropils in the lateral protocerebrum termed, hemiellipsoid bodies. 
Speculations that the mushroom bodies in insects and the hemiellipsoid bodies in crustaceans are 
homologous structures have gained more support in later years, with evidence of similar 
correspondences between the morphology, structure and immunoreactivity of the two structures 
(Strausfeld, 2012, Wolff et al., 2012). 
 
The lobula in insects and crustaceans have previously been shown to process chromatic and motion 
stimuli. Our hypothesis was therefore that the stomatopod lobula is a likely place for the processing 
of chromatic information from the midband. We examined the stomatopod lobula and 
protocerebrum to trace the optic pathway of the midband to the next level of processing and to 
investigate if the midband information (which appears to remain segregated from the hemispheres 
though the medulla) would integrate with the hemispheral parts in the lobula or remain segregated. 
We then investigated the trajectories of optic pathways into the protocerebrum to reveal lobula axon 
projection patterns and possible interactions with other neuropils in this region. We found that the 
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stomatopods appear to have a unique system of chromatic and achromatic channel mixing in the 
lobula. Also, a large neuropil containing different sized glomeruli receive projections from the 
lobula, suggesting this neuropil is also taking part in the processing of visual information. 
 
6.4.2 Results 
Layering of the lobula 
The lobula in stomatopods is a kidney shaped neuropil positioned in a proximal lateral position 
relative to the medulla (Fig 6.4.1). It is divided into distinct strata by tangentially projecting 
Figure 6.4.1. Overview  a) Top: Frontal view of the eye showing the dorsal (DH) and ventral (VH) hemisphere with the intersecting midband 
(MB) Bottom: Dorsal view of both eyes. b) 3D-reconstructions of the retina and eyestalk showing the three first optic lobes (lamina, (La), 
medulla (Me) and lobula (Lo)),  the lateral protocerebrum with the glomeruli complex (GC), hemiellipsoid body (HB) and corpus allongato 
(CA). The midband information pathway is highlighted in yellow. c) Sagittal section through the same parts of the eye as in b) showing the 
planes of sectioning. d) Bodian stained sagittal section showing the midband information pathway through the three first optic neuropils 
(arrows). e)  Frontal section through the lobula clearly showing the midband pathway. f) Coronal section through the lobula with parts of the 
midband pathway still visible (arrow). g) The lateral protocerebrum with the hemiellipsoid body (HB) and the corpo allungato (CA). Scale 
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neurons, although the layers are not as distinct as in the medulla. There are at least 5 clearly 
delineated tangential layers projecting lateromedially which we have termed lateromedial 
tangential layer 1 to 5 (LMT1-5) (Fig. 6.4.2) following the terminology in Sztarker et al. (2005). 
These tangential neurons form thick bundles throughout the lobula. The LMT4 layer forms two 
very distinct bundles on each side of the equatorial projections that are clearly visible in the 
dorsoventral layer as large round shapes between DVT3 and DVT4 (see below) with increasing 
girth toward the medial part of the neuropil. Detailed inspections of this layer reveal thick axonal 
processes with extensive dendritic branching within the bundles. 
 
Another 6 layers of tangential processes project dorsoventrally, which we have termed dorsoventral 
tangential layer 1 to 6 (DVT 1-6) (Fig. 6.4.2). This terminology differs from the anteriorposterior 
layer 1 to 5 in Sztarker et al. (2005) because of the altered orientation of the eye but it is essentially 
LMT1
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LMT3
LMT4
DVT1
DVT2
DVT3
DVT4
DVT5
DVT6
Figure 6.4.2. Lobula layers. a) Bodian stain of the lateromedial (left) and dorsoventral plane (right). The lateromedial plane is divided into 5 differ-
ent layers of tangential cells, while the dorsoventral plane has at least 6 different layers. b) Insertion of dextran Texas red into medulla has spread 
into the columnar neurons in the lobula, and is also showing the stratification in the lateromedial plane (image colour coded for depth). c) Spreading 
of dextran fluorescein into the layers of medulla showing the 6 dorsoventrally oriented layers. d) Synapsin-like staining in the lobula showing 
stratification, especially in the outer layers. Scale bar: a) 30µm, b) to d) 50µm.
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the same layers. The midband information maintained from the medulla is still distinctly visible in 
the lobula (Fig 6.4.1), especially in transverse sections, where the equatorial projections appear as a 
band of two dark lines with a lighter coloured area in between (Fig. 6.4.3).  There are no evident 
swelling on the distal surface such as the one found in the medulla.  
 
Figure 6.4.3. Midband projections through the lobula. a) Bodian staining showing the midband projections through the 
lobula and the hemispheres feeding into the midband. b) Section of the distal surface of the lobula with tangenital processes 
projecting orthogonally. c) Confocally imaged (colour coded for depth) Golgi stained section showing the midband projec-
tions in the lobula (brackets and arrow). d) and e) Large t-shaped neurons projecting across the hemispheral regions and 
into the midband.  f) Golgi stained section showing thinner t-shaped neurons projecting through the midband. White brack-
ets in images indicate midband projections. Scale bar: a), c), e) and f) 20µm b) and d) 100µm. 
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Midband projections 
Variation in projection patterns of the midband neurons was observed in several preparations. 
Lateral collaterals of the midband neurons can be seen projecting into the hemispheral parts of the 
lobula (Fig. 6.4.3 and 6.4.4). This mostly appears to happen in the LMT 3, but have also been 
detected in LMT 2 and 4. There are also medial projections from the hemispheral parts of the lobula 
into the equatorial pathway, largely in the more proximal part of the lobula in LMT 3 and 4. Many 
axons also appear to project straight through the lobula, continuing on to the lateral protocerebrum 
with what appears to be little to no interactions with other neurons.  
 
Neuron types 
Large T-shaped neurons:  Golgi staining reveals several large T-shaped tangential neurons 
projecting in the lateromedial plane of the hemispheral lobula parts which then project down the 
same pathway as the equatorial projections (Fig. 6.4.5). These tangential neurons have a large 
diameter and vary from having little arborisations to bush like arborisations in the distal layers. 
Figure 6.4.4. Lobula projections. a) Coronal section of the lobula through the midband projections. White arrow indicate projections from the hemi-
spheres into the midband pathway, while black arrow indicate projections from the midband pathway into the hemispheral regions. b) Coronal 
section of the lobula with the arrows indicating the same as in a). Note that projections to and from the midband pathway appear at several layers 
in the lobula. c) Coronal section of the lobula with midband projections going into the outer layers of the lobula. Scale bar: Top images: 50µm, 
bottom images: 30µm.
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These T-shaped neurons contribute to the tangential layers we see in DVT 1 to DVT4. Similar T-
shaped neurons were also observed by Schiff et al. (1986, 1987) in Squilla mantis. 
 
Small T-shaped neurons: A smaller type of T-shaped neurons is visible in DVT2 - 4. These have 
thinner axons and processes, and arborize mostly in one layer (Fig. 6.4.5 e).  
 
Large Y-shaped neurons: Several large Y-shaped neurons have also been observed, with two arms 
branching in the DVT layers and appearing to project down to the protocerebrum (Fig. 6.4.5 f). 
 
Terminals: A few terminals are visible that originate from medullary neurons. These appear in the 
layer between DVT1 and LMT1 and have small bleb like endings, with few arborisations (Fig 6.4.5 
d). Other terminals have more oval shapes with radial arborisations. It is not clear what type of 
neurons these terminals originate form in the medulla.  
Figure 6.4.5. T-shaped and Y-shaped cells in lobula of N. oerstedii. a) Large T-shaped neuron in the lobula (black arrow). White arrows indicate two 
large neuron bundles running orthogonally to the T-shape neurons. Left neuron bundle is not impregnated but an opening is still visible. b) Different 
section showing the same as in a). c) Possible large neurons from the neuron bundle indicated by white arrows in a) and b).  d) Midband projections 
extending lateral collaterals into the lobula (white arrow). e) Smaller type T-shape neurons in several layers of the lobula. f) Large Y-shaped neuron  
in the proximal part of the lobula. Scale bars: 30µm. 
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Hemiellipsoid body  
The protocerebrum consist of several large neuropils, including the hemiellipsoid body. The 
hemiellipsoid body is a large neuropil consisting of a cap of basophilic cell bodies surrounding the 
axons and dendrites, which form the core neuropil (Fig 6.4.6). Both the cap and the core are 
immunoreactive to synapsin, phalloidin and serotonin. The core shows layering with different 
HB
HB
HB
HB
Figure 6.4.6. Hemiellipsoid bodies. a) Lateral protocerebrum and hemiellipsoid body (HB) stained against synapsin (pink), f-actin (green), and cell 
nuclei (blue). Note the large glomeruli indicated by white arrow. b) Same type of stains as in a), but with a clear stratification in the HB core 
(arrow). c) Synapsin-like staining of the thin, dendritic core neurons (arrow) in the HB. d) and e) Serotonin-like (pink) and DAPI (blue) staining 
in the HB cap and core. f) Bodian stain of the HB. Note the thin neurons in the core and the basophilic cell nuclei in the cap. g) Golgi impregnated 
neurons in the core of the HB. Notice the thin and densely dentritic neurons in the core (arrow). h) Tissue simultaneously stained with Golgi and 
immunohistochemistry. Golgi impregnated neurons in green, synapsin-like staining in pink and DAPI stained cell nuclei in blue. The method 
clearly shows how the Golgi method stains stochastically, with only a few neurons stained each time (Golgi stained cell nuclei versus the synapsin 
and DAPI stained nuclei). Scale bars: a) to f) plus h) 100µm, g) 10µm. 
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intensities of synapsin and phalloidin reactivity (Fig. 6.4.6 b). Golgi impregnations show that the 
neurons in the main body display a large amount of dendritic spines, typical of hemiellipsoid body 
neurons (N. Strausfeld, personal communication). Possible projections from the lobula to the 
hemiellipsoid body were identified in the Bodian and Golgi staining, although these still have to be 
confirmed.  
 
 
 
 
Figure 6.4.7. Glomerular complex a) to c) Bodian stained sections showing lobula projections cirumventing the protocerebrum and projecting to 
the glomeruli complex (GC). Note possible projections to the hemiellipsoid body (HB). d) Golgi staining showing interneurons (arrow) between 
large glomeruli (black dotted lines). e) Medium sized glomeruli (arrow) in the GC. f) Boutons, or microglomeruli (arrow) in the GC. g) Synapsin-
like staining of the medium sized glomeruli (arrow) in the GC. h) Serotonin-like staining in the GC showing interneurons, but only weak staining 
in the glomeruli (arrow). i) Serotonin-like staining in the lateral protocerebrum. White arrow indicate serotonin-like staining along the edge of the 
GC while the yellow arrow indicate large sized glomeruli outside the GC. Image colour coded for depth. Scale bars: a) to d) plus g) to i) 100µm, d) 
, e) and f) 20µm.  
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Glomeruli 
Several types of glomeruli have been identified in the stomatopod protocerebrum (Fig. 6.4.7). Some 
are small oval clusters that are impregnated in batches of three or four. These are found in several 
areas in the protocerebrum, but most often within the boundaries of the large neuropil described 
below. Larger glomeruli were also identified throughout the protocerebrum, most of which 
appeared to receive input from lobula axons.  
 
Glomerular complex 
In addition to the hemiellipsoid body another large neuropil was located in the lateral 
protocerebrum (Fig. 6.4.7). It is positioned laterally, proximal to the lobula and has a similar shape 
and size to the hemiellipsoid body, but without the distinct cap of somata found in the hemiellipsoid 
body. It appears to contain many large glomeruli in a flower like arrangement with larger projection 
neurons crossing over in the middle of the neuropil. In the medial part there appears to be more of 
the smaller glomeruli mentioned above and small microglomeruli consisting of large swelling called 
boutons is also visible. This neuropil clearly receives projections from the lobula visualised both in 
the Bodian and the Golgi staining.  
 
Corpo allungato and corpo reniforme 
To additional smaller neuropils are found in the lateral protocerebrum of stomatopods, named the 
corpo allungato and corpo reniforme (Bellonci, 1882). The corpo allungato is positioned 
mediolaterally, proximally to the hemiellipsoid body and has a distinctive "S" shape (Fig 6.4.1) and 
is associated with several small satellite neuropils. The corpo reniforme is a smaller, round neuropil 
located on the dorsal side of the lateral protocerebrum.  
 
Figure 6.4.8. Model of major neuronal types and arrangements in the lobula. a) Sagittal section of the lobula showing the large T-shaped neurons in 
black, with orthogonally projecting neurons in pink including the two large fibre bundles indicated by large pink dots. Midband projections are 
shown in yellow while projections from the hemispheral parts of the loula into the midband pathway is shown in turqoise. b) Coronal section of the 
lobula with the same colour coding of the neurons as described in a). 
a) b)
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6.4.3 Discussion 
 
Lobula structure 
The lobula of the stomatopod follows a similar structure of columns and layers as found in other 
crustaceans (Strausfeld and Nässel, 1981, Sztarker et al., 2005, Harzsch and Hansson, 2008, 
Bengochea and Beron de Astrada, 2014). Comparing the number of main tangential layers to that of 
the crab N. granulata (Sztarker et al., 2005) shows that the stomatopod has one more LMT layer 
(LMT1-5) and at least one more DVT layer than in the crab (called anteriorposterior tangential 
(APT) layer in Sztarker et al. (2005) due to the different orientation of the eye). Bengochea and 
Berón de Astrada (2014) further divided the crab’s layers by examining the lobula input strata. As 
this work has not yet been carried out in stomatopods we have stayed with the original layers as 
described in Sztarker et al. (2005). 
 
In the crab N. granulata two of the LMT layers (LMT2 and LMT3) are formed by the bistratified 
branches of the movement detection neurons B-MDN (Beron de Astrada et al., 2001, Beron de 
Astrada and Tomsic, 2002, Sztarker et al., 2005). In addition the crab has 14 large neurons located 
in the APT4, which is a group of monostratified movement detection neurons (M-MDN) and are 
oriented orthogonally compared to the B-MDNs. These motion detection neurons have also been 
shown to be involved in binocular processing in crabs (Sztarker and Tomsic, 2004). Stomatopods 
also have large neurons running orthogonally, namely the large T-shaped neurons making up parts 
of the DVT layers and the large fibre bundles in the LMT layers, especially the two large bundles in 
LMT 3 containing thick, highly dendritic neurons (Fig. 6.4.8). Although there are some structural 
differences between the crab and stomatopod lobula layout, it is tempting to speculate that these 
orthogonally running neurons have a similar function to the movement detection neurons in crabs. 
Stomatopods are unusually quick crustaceans with a fast reaction time, so it would come as no 
surprise if they too have a well-developed movement detection circuit. The lobula plate neuropil, 
which has previously been identified in the crab (Sztarker et al., 2005) was not observed in these 
preparations. As this neuropil can be very small and easy to miss, further investigations are needed 
to confirm these observations. 
 
Midband pathway 
The lobula follows the same layout as the medulla in that the equatorial projections are still clearly 
visible throughout the neuropil, although without the distal swelling. Interestingly, it appears that 
some of the equatorial neurons project into the hemispheral parts of the lobula, forming lateral 
collaterals that spread across the achromatic mosaic. This could indicate that there is chromatic and 
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achromatic information integration taking place in the lobula, which would be a unique arrangement 
of channel mixing not seen in any other insects or crustaceans before. In addition there appear to be 
projections going from the hemispheral parts of the lobula into the equatorial pathway. In the 
bumblebee, colour and motion sensitivity are segregated by the different layers in the lobula (Paulk 
et al., 2008) and then projected in parallel to corresponding centres in the protocerebrum and 
median brain. The stomatopod midband lateral collaterals do indeed appear to project to different 
layers of the lobula, but it is not clear which part of the midband information project to the different 
layers of the lobula. Skorupski and Chittka (2010) suggested that chromatic information processing 
in photoreceptors may come at the cost of reduced speed compared to achromatic information 
processing. Could this be the reason stomatopods have segregated their chromatic system from the 
achromatic one? Processing the chromatic information separately from the achromatic may enable 
an increase in neuronal processing power in a small region and thereby saving energy in others? 
This may also allow the speeding up of chromatic processing speed allowing for signals to be 
integrated simultaneously further into the system e.g. in the lobula. Integrating the chromatic and 
achromatic information may also serve another purpose, relating to a feature of colour vision 
termed colour constancy. Colour constancy is the ability of the visual system to maintain stable 
colour perception under varying illumination. The proposed colour vision system in chapters 3 and 
5 would necessitate achromatic input of the illuminant to later discount this factor when interpreting 
the perceived colour. The broadband, achromatic photoreceptors in the hemispheres would be able 
to provide this information, and the channel-mixing in the lobula would then initiate the colour 
constancy needed to ensure reliable colour perception.   
 
Hemiellipsoid bodies 
Projections from the olfactory lobes, which are the primary olfactory centres in the crustacean brain, 
are divided into two branches, each terminating in the hemiellipsoid body (Sullivan and Beltz, 
2001b, Sullivan and Beltz, 2001a, Sullivan and Beltz, 2004). In their 2004 paper Sullivan and Beltz 
investigated the hemiellipsoid in stomatopods using lipophilic dyes and compared it to higher order 
species of decapods. They found that the olfactory pathway in stomatopods project only to the outer 
layers of the hemiellipsoid body in addition to having projections into other parts of the lateral 
protocerebrum (previously termed medulla interna). As found in this study, they also saw 
differential binding to synapsin in the hemiellipsoid body core, dividing it up into several layers. 
Although some decapods also have projections from accessory lobes which innervate parts of the 
hemiellipsoid body (Sullivan and Beltz, 2001b), Derby et al. (2003) and this study have found no 
sign of accessory lobes in stomatopods, suggesting that this is not the case here. An interesting 
aspect is the fact that in some insects the mushroom bodies have been found to process visual input, 
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either as part of a complete modality switch (Lin and Strausfeld, 2012) or by topographical division 
of the different modalities into separate areas (Kinoshita et al., 2014). The distinct projections of 
olfactory neurons into the outer layers of the hemiellipsoid body in stomatopods could suggest that 
the inner core could have a different function, perhaps processing visual information?  
 
Glomeruli and the glomerular complex 
Glomeruli complexes in flies have been shown to receive projections directly from specific types of 
lobula columnar neurons and also from wide-field neurons in the lobula receiving input from the 
medulla (Strausfeld and Bacon, 1983, Strausfeld and Lee, 1991, Otsuna and Ito, 2006, Strausfeld 
and Okamura, 2007). These glomeruli were shown to code noisy visual primitives from single 
lobula output neurons, thereby providing reliably coded information from converging sensory 
inputs (Mu et al., 2012). In Drosophila, relays from the glomeruli in the lateral protocerebrum 
projects to higher centres of processing such as the central complex (Liu et al., 2006, Strausfeld and 
Okamura, 2007) through the dorsal protocerebral lobes. But they also convey information to the rest 
of the body through interactions with the giant descending neurons (Mu et al., 2014), which project 
to the thoracic ganglia. Although we still do not know the function of the glomeruli and why they 
are gathered in a large glomerular complex in the stomatopod protocerebrum, it is likely that the 
large variety of shapes and sizes of glomeruli indicate different types of information inputs, 
possibly from different types of visual modalities.  
 
6.4.4 Summary and future questions 
The lobula of the stomatopod is stratified and has two more main layers than the crab. It does not 
appear to have the same motion detection neurons which the crab have in the proximal part of the 
lobula, but it does have larger T-shaped cells and fibre bundles in the distal part of the lobula that 
could be involved in motion detection. The stomatopod lobula appears to integrate the chromatic 
and achromatic information in the lobula, demonstrating a system of channel mixing not been seen 
before in other animals. In the lateral protocerebrum a neuropil termed the glomerular complex 
receive projections from the lobula. Some projections may also reach the hemiellipsoid body, which 
is normally involved in processing olfactory cues. These findings lead to new questions: Could the 
stomatopods have glomeruli that specifically process chromatic or polarization information?  
Clusters of glomeruli have been observed in other insects and crustaceans, but not to the extent of 
them forming a new neuropil. One future project worth undertaking would be to record 
electrophysiologically from the optic glomeruli in the stomatopods protocerebrum. As the 
retinotopic columnar neurons in the medulla and lobula (LCN) are very thin and consequently hard 
to record from it may be simpler to attempt recordings of the glomeruli responses. The glomeruli 
   
 117 
would integrate input signals and respond to the summed response of a subset of lamina columnar 
neurons. Such recordings would hopefully provide some insight into how specific visual input in 
the retina is processed through the first three optic lobes.   
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The stomatopod central brain 
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6.5 The stomatopod central brain 
 
6.5.1 Introduction 
In common with other stalk-eyed crustaceans and many insects, the brain of stomatopods is divided 
into three different parts, with one central brain and two optic lobe clusters including the lateral 
protocerebrum, located within the eyestalks. The brain centres in the eyestalk are connected with 
the central brain through the protocerebral tracts and optic nerves. Relatively few studies of the 
crustacean central brain have been undertaken (Chamberlain and Wyse, 1986, Blaustein et al., 1988, 
Sandeman et al., 1992, Utting et al., 2000, Sullivan and Beltz, 2001a, Harzsch and Hansson, 2008, 
Krieger et al., 2010), and there is still a lack of knowledge, in particular when it comes to the 
function of the different regions. Insects on the other hand, have been investigated in numerous 
studies (Strausfeld, 1976, Strausfeld, 2009b, Strausfeld, 2009a, Ito et al., 2014 as a few examples), 
with recent advances in genetic work on Drosophila melanogaster providing a new method of 
further understanding the circuitry of the brain (Heisenberg, 2003, Olsen and Wilson, 2008). The 
similarities in the neural organisation between the insect and crustacean brains have been pointed 
out several times and suggest a shared common ancestor between the insects and crustaceans 
(Averof and Akam, 1995, Friedrich and Tautz, 1995, Sinakevitch et al., 2003, Strausfeld and 
Andrew, 2011).  
 
One of the best studied neuropils in insects is the midline neuropil termed the central complex. In 
most insects this complex consists of a protocerebral bridge (PB), a central body (CB) made up by 
an upper division (CBU or fanshaped body), and a lower division (CBL or ellipsoid body) and a 
pair of small ball-like structures called the noduli (Strausfeld, 1976, Heinze and Homberg, 2008, Ito 
et al., 2014).  In malacostracan crustaceans the central bodies are still distinctive, but a few 
differences compared to the insects are evident. Their protocerebral bridge is smaller than in insects, 
the central body is usually wider and shallower and they also lack the paired noduli (Strausfeld, 
2012). The central body consists of several different modules that are connected by different types 
of neurons, up to around 600 have been suggested by genetic analysis in Drosophila (Young and 
Armstrong, 2010) although this number will likely vary due to the different sensory and motor 
demands in different animals. 
 
Another difference between the insect and crustacean brain is the lack of mushroom bodies (Stocker 
et al., 1990) in the latter. The mushroom bodies in insects receive input from the antennal lobes (the 
first neuropil of the olfactory pathway) and are thought to be involved in learning and memory of 
olfactory cues (Heisenberg, 2003). In crustaceans, the olfactory globular tracts (OGT) terminate in 
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neuropils that arise dorsally from the lateral protocerebrum which are called hemiellipsoid bodies 
(Sullivan and Beltz, 2001b, Sullivan and Beltz, 2001a, Sullivan and Beltz, 2004). These 
hemiellipsoid bodies have been suggested to be homologues of the mushroom bodies in insects and 
morphology, ultrastructure and immunoreactivity advocate the same (Wolff et al., 2012). Recent 
studies have also revealed that the mushroom bodies are capable of modality switching, processing 
visual information instead of olfactory information in aquatic species which generally lack antennal 
lobes (Lin and Strausfeld, 2012).  
 
A few studies have previously investigated the stomatopod brain; Derby et al. (2003) examined the 
antennular and olfactory pathways, while Strausfeld (2012) provide images and brief discussions 
regarding the stomatopods central complex, olfactory and antennal lobes in relation to their 
evolutionary ancestry. As the final endpoint of the optic pathway described in the previous chapters, 
we wanted to investigate the stomatopod central brain, and especially structures such as the central 
complex, which have been shown to be involved in visual processing in other arthropods. 
Describing the various structures and relating these to homologous structures in other crustaceans 
and insects we found that the stomatopods have a central complex closer to that of insects than 
other crustaceans. These findings could hopefully give some cues to the final processing of the 
signals from their complex retinal array.  
 
6.5.2 Results 
Stomatopod central complex 
The central complex in stomatopods consists of the protocerebral bridge, the central body and 
possibly also a set of paired noduli (Fig. 6.5.1 and 6.5.2). The paired noduli are small, round 
neuropils located proximally to the central body, which receives projections from columnar neurons 
in the PB and/or the CB.  Structures resembling noduli have been observed in Bodian stained 
preparations, but have unfortunately not been imaged during synapsin or serotonergic staining. The 
protocerebral bridge is positioned along the anterior medial edge of the anterior median 
protocerebral neuropil (AMPN) beneath a cluster of cell bodies belonging to eight bundles of fibres 
that connect the protocerebral bridge, central body and the lateral lobes. It consists of a tightly 
packed weave of thick fibres with a median depression. The central body is positioned medially in 
the brain, proximally to the protocerebral bridge and extends heterolaterally across three-fourths of 
the median protocerebrum. It has a slight medial bend with its most lateral parts extending slightly 
proximally. The central body is clearly divided into an upper and lower part (bilayered) with the 
upper and lower division being of approximately equal thickness and divided by a dark line of 
fibres. The central body lies ventrally to the olfactory globular tract chiasm (Fig 6.5.1d and e).  
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Neurons labelled by serotonin, synapsin, phalloidin and DAPI in the central complex. 
Both the protocerebral bridge and the upper and lower division of the central body show serotonin-
like labelling (Fig. 6.5.3). Serotonergic neurons are also visible projecting from the central body 
into both the AMPN and the PMPN. The synapsin strongly labelled the protocerebral bridge, but in 
the central body the stain was very weak. Phalloidin labelled both structures clearly. Unfortunately, 
the noduli were  not imaged in these preparations.  
LC
OGT
PMPN
AMPN
CB
PB
OL
AnN
LAN
AnN
OGT
PMPN
LC
OL
AMPN
MAN
CB
PB
LAN
a) b) c)
d) e)
f)
Figure 6.5.1. Overview of the stomatopod brain. a) Dorsal view of the stomatopod showing the stalked 
eyes and the brain (outlined). b) Serotonin-like staining in the stomatopod brain. c) Synapsin (pink), f-actin 
(green) and cell nuclei (blue) immunofluorescence. d) Bodian stained sections showing different levels 
through the brain. e) Illustration showing the major structures of the brain: anterior medial protocerebral 
neuropil (AMPN), posterior protocerebral medial neuropil (PMPN), protocerebral bridge (PB), central 
body (CB), lateral antennular neuropil (LAN), median antennular neuropil (MAN), antennal neuropil 
(AnN), olfactory lobe (OL), olfactory globular tract (OGT), lateral cluster (LC). f) 3D model of the brain 
showing the dorsal and ventral side of the brain with the same naming as in f).Scale bars: 200µm.
LC
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Mass filling of neurons 
Injections into lateral protocerebrum spread through the olfactory globular tract and the optic nerve 
into various areas of the brain. Some projections terminated in the AMPN and the PMPN (posterior 
protocerebral neuropil) while others filled neurons in the OGL, which reached the olfactory lobes 
and labelled structures there (Fig. 6.5.4). Injections that reached the PB also filled cell nuclei 
PB
FB
EB
NO
CB
FSW
a)
CB
e) f)
NO
d)
CB
c)
FT
PB
PB
FT
CB
Figure 6.5.2. Stomatopod central complex: a) Illustration showing the generalised layout of the central complex (adapted from Strausfeld 2012). 
Protocerebral bridge (PB), central body (CB), fanshaped body (FB) ellipsoid body (EB), noduli (NO). b) Bodian stained section showing the proto-
cerebral bridge, the central body and the large fiber tracts (FT). c) Protocerebral bridge and large fibre tracts. d) Large axons chiasma (Ch) e) 
Central body divided into two parts (arrow). f) Possible noduli (marked). Scale bars: b) 50µm, c) to f) 20µm. 
b)
Ch
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positioned anterior to the PB, likely belonging to the nerve fibre bundles projecting through the PB 
and CB.  
 
Olfactory and antennular pathways  
In stomatopods there are three sets of neuropils that receive antennular input; the olfactory lobes 
(OL) the lateral antennular lobes (LANs) and the median antennular neuropil (MAN). The olfactory 
lobes in stomatopods are positioned laterally on each side of the brain. They have a clear glomerular 
structure, with small round structures making up the modules within the lobe.  Each glomerulus is 
also divided up into a clearly stratified outer cap with an inner core (Fig. 6.5.5 c and d). A cluster of 
nuclei, termed the lateral cluster (LC) belonging to the olfactory lobe neurons, is positioned 
Figure 6.5.3. Immunofluorescence in the stomatopod brain. a) Serotonin-like staining of the central complex showing strong labelling in the proto-
cerebral bridge and the central body (arrows). b) Serotonin-like staining of the whole brain showing labelling in the central complex as well as the 
olfactory lobes, anetnnal sensory neuropil, and the AMPN and LMPN. c) and d) labelling of synapsin (purple) and f-actin (green) in the central 
complex showing little labelling of synapsin in the central body but stronger labelling in the protocerebral bridge. e) Synapsin (pink), f-actin 
(green) and cell-nuclei (blue) labelled in the whole brain. Scale bars: 100µm.
a) b)
c)
d)
b)
c)
d)
e)
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proximally to each olfactory lobe. The olfactory lobe is connected to higher processing centres (the 
protocerebrum and hemiellipsoid body) through the olfactory globular tract (OGT). No accessory 
lobes have been identified.  
 
Serotonin-, synapsin- and phalloidin-like staining was observed in the olfactory lobes (Fig 6.5.5). 
Both the glomeruli-like subunits and the interneurons and relay neurons in the olfactory lobes show 
strong labelling to serotonin (5-HT) and synapsin. Serotonergic interneurons are clearly visible 
projecting between glomeruli inside the olfactory lobe (Fig. 6.5.5 e). There is a strong labelling of 
synapsin in the cap of each glomerulus, with weaker labelling in the core.  Bundles of relay neurons 
sending their projections to the olfactory globular tract neuropil (OGTN) are clearly labelled using 
phalloidin, which binds to filamentous actin in the nerve fibres.  
Figure 6.5.4. Mass fillings of dextran conjugated with Texas red or Fluorescein into the protocerebrum: a) Insertion into the protocerebrum and hemiellipsoid 
body using Texas red in the left eye (pink) and Fluorescein in the right (yellow). The Texas red has spread into the anterior median protocerebral neuropil 
(AMPN) while the Fluorescein has followed the olfactory globular tract (OGT). Notice the spread into the olfactory lobe through the OGT. b) Fluorescein and 
Texas red has both spread into the OGT. Notice the dye filled somata anteriomedially. c) Fluorescein has spread into the AMPN, while Texas red has followed 
the OGT. d) Fluorescein has spread into the protocerebral bridge (PB) and cell bodies anterior to the PB. Texas red did not fill successfully in this preparation. 
e) and f) Fluorescein and Texas red has both spread through the OGT and into parts of the AMPN.  Scale bars: 100µm. 
a) b) c)
d) e) f)
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The LAN in stomatopods is large and bilobed, consists of layers and columns and has fibres 
running down the middle of the lobes with processes running perpendicularly from these. Both the 
Bodian and Golgi staining reveal these types of neurons (Fig. 6.5.5).  The processes are axons from 
the chemo- and mechano- receptor neurons, which terminate as branched endings at a depth that 
reflects its origin along the antennule. The depth at which the branched terminals terminate in the 
antennal lobe determines where it originated along the antennule. A region medially to the LAN is 
distinguishable as the median antennule neuropil (MAN) although it is not clearly delineated. It is 
smaller than MANs in other decapods and has a relatively low number of serotonergic neurons. The 
antennal sensory neuropil (AnN) resides mediolaterally in the tritocerebrum proximal to the 
olfactory lobes and is primarily mechanosensory.    
 
6.5.3 Discussion 
At first glance the stomatopod central brain appears similar to other crustacean brains (Sandeman et 
al., 1992, Harzsch and Hansson, 2008), but a closer look reveals structures that are more 
LAN
LAN
AnN
OL
OLOL
LC
OL
LC
Figure 6.5.5. Olfactory lobes. a) Bodian stained section showing the olfactory lobe (OL), the lateral antennal lobe (LAN) and the antennal neuro-
pil (AnN). b) Golgi stained LAN showing the branched terminals of the antennal neurons. c) Olfactory lobe with its cell bodies in the lateral 
cluster (LC). Note the cap and core structure of the glomeruli (arrow)  d) Synapsin (pink), f-actin (green) and cell-nuclei (blue) stained olfactory 
lobe, showing the cap and core structure of each glomerulus. e) Sertonin-like staining in the olfactory lobes show the interneurons projecting 
between each glomerulus (arrow). Scale bars: 100µm 
a) b)
c) d) e)
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reminiscent of those found in insect brains. First, stomatopods have a pronounced protocerebral 
bridge, which is larger than that found in other crustaceans. Secondly, the central body is 
prominent, and is divided into two parts, as opposed to the singular central body found in other 
crustaceans such as crabs (Krieger et al., 2010) and crayfish (Utting et al., 2000). Lastly, 
stomatopods appear to have a pair of small neuropils called the noduli, which are present in many 
insects but not in any other crustacean investigated so far. The identification of these noduli is still 
not confirmed, but structures similar to noduli have been observed. Both the protocerebral bridge 
and the central body showed strong serotonin-like labelling, while only the protocerebral bridge was 
stained with the anti-synapsin antibody. The significance of this is not yet known but insect-like 
neuroanatomy has been noted before in stomatopods (Strausfeld and Nässel, 1981). 
 
So what is the purpose of the central complex? According to research performed on locusts, the 
central complex seems to be involved in tasks such as spatial orientation, motor planning and goal 
directed behaviours (Homberg, 1994b, Homberg, 1994a, Homberg and Würden, 1997, Homberg et 
al., 2003, Heinze and Homberg, 2008, Homberg et al., 2011, Bech et al., 2014, Heinze, 2014). It 
also appears to be involved in encoding information about e-vector angles of polarized light, 
probably used for sky compass navigation (Heinze and Homberg, 2007). In insects, the central 
complex consists of three principle classes of neurons; the columnar neurons, which connect the 
protocerebral bridge to the central body and the lateral accessory lobes; the tangential neurons, 
which innervate single layers of the central body or protocerebral bridge and connect specific areas 
in the brain; and the pontial cells, which are intrinsic elements cells that connect specific columns 
and layers in the central complex (Heinze and Homberg, 2008).  
 
The antennular and olfactory pathways in stomatopods have been investigated previously by e.g. 
Derby et al. (2003) and Sullivan and Beltz (2004) and we will therefore not go into any details 
about these structures other than to remark upon one additional similarity with the insect brain. The 
olfactory lobes of insects and crustaceans are composed of subunits termed glomeruli. In insects 
these glomeruli are round or ovoid structures, while crustaceans are known to have glomeruli that 
are elongated and wedge shaped. The glomeruli found in stomatopods have a round form more 
similar to the ones found in insects, except for the stratification into a cap and core for each 
glomerulus.  
 
6.5.4 Summary and conclusion 
The stomatopod central complex share more similarities with the insect central complex than that of 
other crustaceans. The same is also seen in the round insect like glomeruli found in the stomatopod 
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olfactory lobes.  The similarities of the stomatopods brain to insects are fascinating, and may shed 
more light on the evolutionary relationships between these animal groups. The significance of these 
structures in relation to the processing of the complex retinal structures is still not known, and will 
require further investigations using electrophysiological recordings and single cell tracings. It is 
likely that the main portion of the processing of the spectral and polarization information have 
already taken place in the optic lobes and lateral protocerebrum, however it would be of great 
interest to find out if the stomatopods also process information regarding e-vector angles in the 
central complex such as found in locusts (Heinze and Homberg, 2008, Heinze and Homberg, 2009, 
Homberg et al., 2011), and how other visual features is represented in these structures. Does the 
stomatopod use neural processing paradigms similar to that of insects or has it yet again evolved a 
different way of doing it? Of particular interest here is recent evidence, based on stomatopod bio-
inspired cameras that the underwater polarization field might be used for navigation (Powell and 
Gruev, 2014). 
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7 Chapter 7. Summary and future directions 
 
The work presented in this thesis provides new insights into how the complex colour and 
polarization vision of stomatopods work. Both behaviourally and neuroanatomically stomatopods 
appear to use a different type of colour vision than other animals (Marshall and Arikawa, 2014), 
which is based on simplified sampling of colours to enable quick and reliable colour judgements. 
For an aggressive animals like the stomatopod (Dingle and Caldwell, 1969, Adams and Caldwell, 
1990), with many types of chromatic signalling displays used in complex behavioural situations 
(Steger and Caldwell, 1983, Caldwell, 1992, Cheroske et al., 1999, Mazel et al., 2003), having such 
colour vision may be beneficial and warrant the loss of fine colour discrimination. Behavioural 
studies carried out by How et al. (2014a, 2014b) on the stomatopods ability to discriminate different 
angles of polarised light indicate that their polarization vision may also function on similar 
simplified principles.  
  
7.1.1 Major findings: 
The electrophysiological recordings of spectral sensitivities across several species of Gonodactyloid 
stomatopods confirmed that they have very similar sensitivity maxima (λ-max) (Chapter 2). Similar 
results have been recorded previously using microspectrophotometry (MSP) (Cronin and Marshall, 
1989b, Cronin and Marshall, 1989a, Cronin et al., 1993, Cronin et al., 1994e, Cronin et al., 1996, 
Chiao et al., 2000) but as intracellular electrophysiological recordings provide a more accurate 
estimate of the spectral sensitivities due to a minimal disturbance to the light path and 
photoreceptors themselves, we wanted to confirm the previously obtained results in this study. The 
positioning of their sensitivity maxima suggests that their placement may serve a specific purpose in 
their proposed colour-encoding scheme. The stomatopods sensitivities are evenly spread out across 
the spectrum, and have very narrow and steep sensitivity functions (shapes). As most other animals 
are able to detect and discriminate colours well across the spectrum with only three or four 
broadbanded spectral sensitivities, the stomatopods number and shape of photoreceptors implies a 
different type of colour vision is used (Marshall and Arikawa, 2014)  
 
Spectral discrimination tests using peak-shaped narrowbanded spectral stimuli revealed that 
stomatopods have surprisingly poor discrimination throughout the spectrum (Thoen et al., 2014, 
Chapter 3) both compared to modelled spectral discrimination and to other animals. Modelled 
narrow and steep sensitivities in an opponent processing scheme produce very fine discrimination 
due to the large ratio differences in the signals from two sensitivities and this has previously been 
suggested to provide high-performance colour constancy (Osorio et al., 1997). Behavioural 
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discrimination testing using step-shaped spectra were carried out (Chapter 4), as a more natural 
shaped spectra could possibly influence their discrimination abilities. Many natural colours, 
especially in the longer wavelength part of the spectrum are step-shaped rather than peak-shaped, 
and it could be that these would be more easily discriminated by the stomatopods. But as in the 
experiments using peak-shaped spectra, the discrimination ability remained poor. These behavioural 
results coupled with their multiple spectral sensitivities lead to the hypothesis that the stomatopod 
may use a different form of colour vision than the conventional opponent system found in other 
animals (Marshall and Arikawa, 2014, Thoen et al., 2014, Chapter 3). Such a system may be based 
on a relatively simple interval-decoding scheme, where perceived colour corresponds to the peak 
sensitivity of the most responsive photoreceptor (Zaidi et al., 2014, Chapter 5). Interestingly, such a 
system could also work for the narrowly tuned cells found in the inferior temporal cortex (IT) in 
primates, which although being at a different stage in the processing pathway have surprisingly 
similar sensitivity functions. As the primates only have three broadbanded spectral sensitivities they 
are able to maintain good spatial resolution at the retina level, with the millions of colour-tuned 
cells in the IT cortex would generate narrower tuning using the stages of processing suggested in 
Chapter 5. Stomatopods loose the spatial resolution by only having 6 rows of colour receptors at the 
first level of processing and have to compensate by using scanning eye movements to sample the 
entire visual field. This system probably provides them with a quick and reliable colour recognition 
system, possibly with good colour constancy, but at the cost of good spatial resolution. These 
findings suggest that very similar computational strategies are used in two largely unrelated species 
and are an interesting example of the same robust computational strategy being used across 
independent evolutionary histories.  
 
7.1.2 Summary of new neuroanatomical findings: 
While the stomatopods retinal structures have been studied extensively, very little was known about 
their visual neural architecture and a selection of different methods was therefore used to provide a 
clearer image the structure of the optic lobes and the processing pathways. The following 
summarises the main findings from this study: 
 
a) The lamina have similar neuronal types to what is found in the lamina of other crustaceans and 
insects, and the lamina midband lobe does not appear to have specialised neurons other than being 
larger than the hemispheral neurons.  
 
b) The stomatopods medulla is strongly stratified compared to other crustaceans, and the midband 
projections are visible as swelling (medulla midband lobe) on the distal side, which narrows and 
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projects through to the proximal part of the medulla and continues on to the lobula. Y-shaped Golgi 
impregnated neurons appear often in the medulla midband lobe, but are not often seen in the rest of 
the medulla. We therefore speculate if these neurons could be involved in the chromatic processing 
pathway.  
 
c) Midband neurons project from the medulla down to the lobula, where a part of the neurons form 
lateral collaterals that spread and integrate into the hemispheral regions of the lobula. Such a mixing 
of chromatic and achromatic channels have not been shown in other animals before, and it is 
tempting to speculate if this mixing could be involved in providing colour constancy which is 
needed to maintain good colour vision. Further investigations are needed however, to determine if 
this is the case. Large T-shaped neurons and bundles of tangential neurons were identified in the 
lobula, which could be involved in the processing of motion stimuli.  
 
d) Proximal to the lobula a distinct neuropil was identified, containing various sizes of glomeruli 
and their interneurons. Certain projections from the lobula reach this neuropil, although it is not 
known which types of glomeruli they contact. In insects optic glomeruli have been shown to be 
involved in sharpening and refining the signal from the thin and noisy lobula neurons (Mu et al., 
2012), and it is  possible that this glomerular complex neuropil could be involved in similar 
processes in the stomatopods.  
 
e) Another distinct structure in the lateral protocerebrum of stomatopods is the hemiellipsoid body, 
which process olfactory information from the antennal lobes. The hemiellipsoid body is thought to 
be homologous with the mushroom body in insects. Recently a modality switch between visual and 
olfactory input have been observed in the mushroom bodies of some insects (Lin and Strausfeld, 
2012, Kinoshita et al., 2014) indicating a plasticity in the processing system. It has been shown in 
previous studies that the stomatopod hemiellipsoid bodies are layered, and that olfactory neurons 
only project to the outer layers of the hemiellipsoid body with no apparent projections to the core 
(Sullivan and Beltz, 2004). Results from the Bodian staining in this study indicates axonal 
projections from the lobula to the hemiellipsoid body, which could suggest that the stomatopod 
hemiellipsoid body is involved in visual in addition to olfactory processing. This, however, still 
needs to be confirmed with dye injections and tracings.  
 
f) The stomatopods central complex has a similarity to an insect’s central complex with a prominent 
protocerebral bridge, a two-part central body and possibly also two noduli. Strausfeld (2012) 
presented a few images of the stomatopod insect-like central complex, while this study investigated 
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the central complex closer using serotonergic and synapsin antibodies in addition to Bodian stained 
sections. A two part central body and noduli have not been seen in other crustaceans and may 
provide new clues to the phylogenetic relationship between crustaceans and insects. How the central 
complex is involved in the processing of information from the midband and hemispheres is one of 
the questions that will be interesting to investigate in the future. 
 
7.1.3 Use of stomatopods as study animal 
Despite the unconventional complexity demonstrated by the stomatopods visual system, this study 
supports the idea that stomatopods are an excellent study animal to investigate the principles of 
colour decoding. Unlike other crustaceans, they can relatively easily be trained to perform specific 
tasks relative to specific objects and their colour and polarization vision abilities can therefore be 
tested through various behavioural experiments. Their stalk-eyed nature is also beneficial for 
studying visual neuroanatomy and recording from specific neurons. While most insects have their 
optic lobes embedded within the brain region itself, the fact that stomatopods have their optic lobes 
contained within the eye stalks enables easy access to a compartmentalised system that can even be 
kept alive for recordings and injections after being removed from the animal itself.  
 
Also, the compartmentalizing of the colour and part of the polarization vision system in a small 
region, distinctly visible through at least the three first optic lobes, means that there are very clear 
areas to target. Since it is likely that the retinal information within the midband is kept retinotopic at 
least until the second optic lobe (the distinction between row 1-4 and row 5 & 6 is still visible in the 
medulla midband lobe), we can even target specific areas within the medulla midband lobe as 
potential areas for electrophysiological recordings. Since von Frisch (1914) established that the bees 
indeed have true colour vision, numerous studies have used an array of techniques including 
behaviour, genetics, immunolabelling and electrophysiology (von Helversen, 1972, Morante and 
Desplan, 2008, Paulk et al., 2008, Paulk et al., 2009, Hamanaka et al., 2013 to mention a few) to 
investigate the principles of colour vision and colour decoding. Although many discoveries have 
been made there are still many unknowns about how colour is actually processed, especially when it 
comes to the location, morphology and response properties of the neurons involved in colour 
processing. The stomatopod could be an excellent candidate to learn more about these properties.  
 
Inspiration from nature 
Biomimicry, the concept of taking ideas from natural systems and using them as inspirations for 
new technology has been an emerging field in the last few decades. As mentioned in the 
introduction, the stomatopods have already been such an inspiration in the development of a new 
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type of polarised material (Jen et al., 2011) based on the structure of their R8 cells (Roberts et al., 
2009) and recently a type of imaging sensor has been developed (Gruev et al., 2010, Kulkarni and 
Gruev, 2012) based on the stomatopods visual system which uses polarized light to perform optical 
neural recordings and even to detect certain types of cancer (York et al., 2014). Knowledge 
regarding the processing and analysis of colours could provide very valuable knowledge when it 
comes to technologies involving measuring chromatic spectra such as hyperspectral imaging 
sensors. Remote sensing has to an extent learned from, if not taken direct inspiration from the 
stomatopod eye (Bar - Choen, 2011, Wolpert, 2011). As the stomatopod colour vision appears to be 
based on a sparse signal-processing scheme (Marshall and Arikawa, 2014, Thoen et al., 2014, 
Chapter 3) it could again provide inspiration for artificial imaging systems that require quick and 
low-power processing speed.  
 
7.1.4 Future directions: 
This study has given insights into the way the stomatopods visual system work, but as with any 
research it has also provided many new questions. Especially in regards to the neuroanatomical side 
of the stomatopod visual system there are many perspectives to investigate, with some of the main 
ones of interest to the author listed below: 
 
- Investigations into the synaptic connections between the arborizing R8 axons (lvfs) and the 
monopolar cells in the lamina are needed to further understand what information is relayed to the 
medulla and if there is processing of chromatic and polarization signals taking place before this 
information is transferred to the medulla. Ultrastructure investigations of the lamina cartridges 
using the novel GATAN 3view system are planned and will hopefully determine the synaptic 
connections between the cells within the lamina cartridge. Electrophysiological recordings of the 
monopolar relay cells (M3 and M4) which are postulated to relay chromatic and polarization 
information will hopefully reveal in what form this information is conveyed to the next processing 
level. 
 
- The significance of the extensive layering of the stomatopod medulla would be interesting to 
investigate as previous studies in insects have suggested that medulla layers work as computational 
devices which reconstruct elements of the visual scene such as edge detection, motion etc. (Ribi and 
Scheel, 1981, Glantz, 1996b, Glantz, 1998, Strausfeld, 2012). Medulla layers have also shown to be 
involved in simple to more complex chromatic processing in bees (Paulk et al., 2009), and it would 
be of interest to examine if something similar happen within the medulla midband lobe. In addition, 
mapping out the neuronal types and their connections in the medulla midband lobe (and possible 
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connection to the hemispheral regions) would likely be very informative when it comes to 
understanding the transfer and processing of chromatic and polarization information in this region. 
Golgi impregnations of neurons in the medulla midband would probably be the best technique for 
such an investigation, and some of this work is already underway.   
 
- In the lobula, one of the main questions to work out is the function of the lateral collaterals that 
project from the midband to the hemispheres. As lobula neurons are very thin and are known to be 
hard to record from this task has some challenges. Using mass fillings of neurons in the medulla 
midband lobe to trace their axonal trajectories into the lobula may at least provide the 
morphological aspect of these interactions. One solution may be to omit the lobula entirely and 
record directly from the optic glomeruli in the protocerebrum as these are likely involved in 
processing information from the lobula columnar neurons. As the number of types of lobula 
columnar neurons have been linked to the number of optic glomeruli in the lateral protocerebrum of 
insects (Strausfeld, 2012), mapping out the stomatopods optic glomeruli using 
immunohistochemistry and labelling them with fluorescent dye or cobalt injections which spread 
into the lobula columnar neurons could also provide useful information about their function.  
 
- Finally, more detailed investigations into the central complex of stomatopods may also provide us 
with clues to their visual processing and perhaps also evolutionary relationships. Recordings from 
optic nerve would likely be useful to gain knowledge about the data being transferred from the optic 
processing centres to the central brain and injections into these neurons could determine the 
endpoint of such as data stream in the central brain. Mapping out and recording from neurons in the 
central complex itself would then be the next step in understanding the final endpoint of the 
stomatopods visual neuronal architecture.   
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Material and Methods  
Animal capture and handling 
Stomatopods of the species Haptosquilla trispinosa were collected at Lizard Island Research 
Station, Australia (GBRMPA Permit no. G12/35005.1, Fisheries Act no. 140763) and transported to 
our aquarium facility at The University of Queensland.  Animals were kept in saltwater aquaria in a 
12h/12h-dark/light cycle with UV enhanced full-spectrum lighting. Some experiments were also 
conducted under natural light conditions at Lizard Island Research Station. Experiments were 
performed according to the ethical considerations of the University of Queensland.  
 
Intracellular electrophysiology 
Intracellular electrophysiological recordings from the photoreceptors of H. trispinosa were 
performed to determine the spectral sensitivities of this species. Recordings were made using the 
spectral scan method (Menzel et al., 1986, Marshall and Oberwinkler, 1999, Kleinlogel and 
Marshall, 2006) and were, in brief, as follows: At least half an hour before each experiment the 
animal was placed in total darkness to dark-adapt the photoreceptors. The following steps were then 
all performed in dim red light. The animal was killed by chilling and decapitation and the eyestalk 
was removed. A small hole was cut through the cornea in the dorsal or ventral hemisphere using a 
sharp razorblade, taking care not to disturb the underlying photoreceptor cells. The location of 
recorded cells was identified by injecting a fluorescent dye (Alexa Fluor 568, Molecular probes) 
through the microelectrode. The results from the electrophysiological recordings are shown in 
figure 1 and Supplementary Table 1.  
 
Model calculations 
The spectral sensitivities (Fig 1) were used to model expected discrimination ability based on 
analogue comparison. UV-sensitive photoreceptors were not included in this modelling or in the 
following behavioural experiments due to the uncertain connections between the UV- sensitive R8 
cells and the R1-7 cells and to simplify both modelling and behavioural methods.  We used the 
Vorobyev-Osorio receptor noise-limited colour opponent model (Vorobyev and Osorio, 1998) for a 
simplified serial di-chromatic system, using the spectral sensitivities obtained from 
electrophysiological recordings for each row in the midband. The comparison of within-row 
spectral sensitivities is based on previous hypotheses detailed in Neumeyer (Neumeyer, 1991) and 
later reviewed in Marshall et al. (Marshall et al., 2007). From this model we get the ΔSt, which is an 
estimated perceptual distance between the two stimuli. This distance can then be used to predict the 
Δλ function by setting a threshold distance for ΔS. In this instance we set the threshold distance to 
be 1 according to Koshitaka et al. (Koshitaka et al., 2008). See Supplementary Text for details of 
the visual modelling. 
 
Behavioural determination of spectral discrimination (Δλ). 
Small burrows were constructed from small plastic screw-top vials covered with black 
electrical tape to darken the interior (Caldwell and Dingle, 1975) (Fig 1). The burrow was placed in 
a container filled with sediment and one animal was added per container. The animal was allowed 
to habituate for around 2 days before the experiment. Colour stimuli were produced using a pair of 
high-pass and low-pass linear variable filters (LVF-H, LVF-L, Ocean-optics) mounted together to 
create a nearly monochromatic light with a FWHM of ~ 20   (Supplementary figure 1). The filters 
were placed in an adjustable filter holder (Ocean optics, FHS-LVF) with a micromanipulator 
(Mitutoyo 151-223) placed on one end to enable the fine-tuning of the correct wavelengths. A 
halogen light source (AmScope Haloid 150w) was connected to a pair of adjustable filter holders 
via a collimating lens using a split light guide. On the other side of the filters another collimating 
lens guided the monochromatic light into an outgoing optical fibre (1000 µm, Ocean Optics). Prior 
to stimulus presentation, the animal’s burrow was temporarily blocked with a small piece of white 
plastic sheet while the stimuli were placed in the correct position to ensure standardised placement 
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for each animal. When the plastic sheet was removed the animal was therefore presented with two 
different light stimuli from the end of each optical fibre. The natural foraging behaviour of this 
species involves smashing or grabbing objects in front of the burrow, a behaviour which was 
exploited in the current experiment, where a choice was determined by the animal swimming out 
and grabbing the end of the optical fibre. The optical fibres were placed as close to each other as 
possible (~1cm). This allowed animals to make and demonstrate a positive choice by grabbing the 
stimulus while having both stimuli simultaneously in view. 
 
Brightness control 
Earlier calculations of the relative size and lengths of various parts of the ommatidia in 
stomatopods (such as aperture widths, filter lengths and rhabdoms dimensions) (Cronin et al., 
1994d) have led to the conclusion that the photon absorption rates of the different photoreceptor 
types  are very  similar, enabling the eye to operate at similar levels of stimulation. We therefore 
kept the brightness of the presented stimuli as similar as possible using a variety of neutral density 
(ND) filters, providing an absolute irradiance of around 2.16E15 photons/cm2/sec.  In addition to 
this we performed several brightness control experiments in which the intensity of light was varied 
randomly between choice stimuli over three log units using ND filters, in order to make sure that 
the trained stomatopods did not use brightness as a cue when making choices. We found no 
significant differences in response rate between light and the dark stimuli (Supplementary figure 2) 
implying that the trained animals made choices based only on colour information. 
 
Training:  
The animals were primed for about two weeks before testing using small pieces of food 
attached to the end of a single optical fibre displaying the correct training colour. We used 10 
different training wavelengths, 400, 425, 450, 470, 500, 525, 570, 578, 628 and 650 nm. After about 
1 - 1½ week most of the animals were actively choosing, and the priming continued with the trained 
colour. During priming the food reward was placed directly on the target to allow the association 
between the training wavelength and food. During testing, two cleaned or fresh fibres were used, 
one of which displayed a wavelength 50 nm away from the trained wavelength either towards 
longer wavelengths or towards shorter wavelengths. The position of the trained and the test stimuli 
(left – right) was varied in a semi-randomised order.  
 
Testing: 
Testing was carried out approximately 4-6 times per day for 4-5 days each week. During 
testing, re-enforcement was provided using a food-stick immediately after a correct choice was 
made. An animal was therefore always rewarded if it made a correct choice, thus avoiding any loss 
of motivation due to the loss of association between the correct choice and the reward. Between 4 
and 7 animals were successfully trained to each of the ten training wavelengths. Wavelengths of the 
test stimuli were 5, 8, 12, 25, 50 and 100 nm longer or shorter than the trained wavelengths.  
 
Statistical analysis 
As the target choice was a binary response variable (correct or incorrect) we used a binomial 
test to determine whether the choice frequencies were significantly different from chance (P0 = 0.5, 
α = 0.05). All analyses were carried out using the open source software R (R development Core 
Team, 2010). The results from these tests are displayed in Supplementary Table 2 and 3.    
 
Supplementary Text 
 
Supplementary formulas 1 
 
   
 151 
Visual modelling of a simplified serial di-chromatic system 
 
For a dichromatic system the distance between stimuli will be:  
 
 
( 1 ) 
with 
  ( 2 ) 
where ! = 1,2,…!; !! is the quantum catch of receptor !; ei is the noise level of a particular 
group of receptors; ! is wavelength, is the spectral sensitivity of receptor !, !(!) is the spectrum 
of the stimuli, !!is an arbitrary scaling factor and the integration is over the visible spectrum. !! is 
set so that the quantum catches for the background is equal to 1: 
  ( 3 ) 
where !!(!) is the background spectrum. 
 
Noise is estimated using the following model: 
  ( 4 ) 
where !! is the noise level of a single photoreceptor and !! is the number of receptors of a type !.  
Here we assumed that noise in different photoreceptors were similar and set the noise to 0.05 
(Weber fraction), which is a value that has been used in previous studies of animal colour vision 
(Vorobyev and Osorio, 1998, Koshitaka et al., 2008).  
Using the threshold distance of 1 together with the data from equation 1) we can predict the Δλ 
function using: 
  ( 5 ) 
where  !! is the interval between the stimulus colours.  
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Fig. S1. 
 
Test setup: Experimental setup for presentation of monochromatic light in front of stomatopod. 
The light from a 150w halogen lamp was directed through adjustable linear variable filters using 
light guides and collimating lenses. The light was attenuated using neutral density filters before it 
was led through two optical fibres (1000 µm), which were positioned in front of the animal.  
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Fig. S2 
Brightness control: Animals trained to reward stimuli at 500 nm (left) and 525 nm (right) were 
tested using the coloured stimuli presented at different light intensities, high vs. low. Results show 
that animal continued to choose the reward colour significantly above chance (turquoise and green 
boxes; t-test with Bonferroni adjustment for 500 nm, p = 0.009, n = 4 and for 525 nm, p = 0.008, n 
= 4;), while ignoring the effect of intensity (grey boxes; t-test with Bonferroni adjustment for 500 
nm, p = 0.62, n = 4 and for 525 nm, p = 0.67, n=4). Dots underneath each boxplot indicate the type 
of presented stimuli. 
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Table S1 
Electrophysiological recordings: For each spectral sensitivity maximum (λmax)): number of cells 
recorded, range of times each cell was recorded from, total number of recordings from all cells, the 
identified midband row and the position (distal/proximal) in the midband row.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Sensitivity max 
( ) 
No of 
cells 
Range of 
recordings per 
cell 
Total no of 
recordings 
Identified 
row 
Distal/ 
proximal 
position 
315 1 4 4 - R8 
325 3 3 9 - R8 
370 5 3 15 - R8 
420 6 3-4 20 1 D 
445 7 2-4 21 4 D 
470 4 3 12 1 P 
490 5 3-4 16 4 P 
555 5 3-4 18 2 D 
585 2 3 6 2 P 
610 2 3 6 3 D 
665 5 4-5 21 3 P 
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Table S2 
Choice numbers: Number of choices (n) made by (N) number of animals for each trained 
wavelength and at each test interval.  
 
  No of choices made per test point (n) 
Trained wl (nm) N 100 nm 50 nm 25 nm 12 nm 8 nm 5 nm 
400 5 - 113 98 104 - - 
425 4 - - 154 76 - - 
450 6 - 106 103 118 - - 
470 7 133 77 76 140 - - 
500 5 - 174 236 182 170 161 
525 4 - 116 187 137 132 123 
570 4 82 51 48 99 - - 
578 5 - 138 166 155 127 - 
628 6 - 209 215 181 236 - 
650 5 - 84 92 88 - - 
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Table S3 
P-values: Exact p-values for each test and training wavelength using a binomial test (P0 = 0.5, α = 
0.05).  
 
Trained wl (nm) 100 nm 50 nm 25 nm 12 nm 8 nm 5 nm 
400 - 5.73e-06 8.00 e-04 0.461 - - 
425 - - 1.69e-05 0.211 - - 
450 - 4.55e -06 3.30e-05 0.463 - - 
470 1.46e-12 1.53e-06 7.72E-03 0.336 - - 
500 - 1.70e-04 5.68e-05 0.011 0.351 0.682 
525 - 2.70e-05 1.67e-03 0.500 0.060 0.765 
570 1.616e-05 3.11e-04 2.97e-02 0.843 - - 
578 - 2.69e-05 1.97e-03 0.012 0.239 - 
628 - 5.11e-07 1.31e-03 0.117 0.892 - 
650 - 7.93e-07 2.47e-06 0.375 - - 
 
 
 
 
 
